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divided into three groups on the basis of fecundity relationships, and
into two groups based on whether they appear to spawn throughout the
year or periodically. Characterization of species as continuous or
periodic spawners was based upon presence of ripe eggs throughout the
year, presence of ripe eggs seasonally, or size distributions of ovarian . :
eggs in ripe females. '

Species which spawn throughout the year are all primarily abyssal
(>2,100 m). Those spawning at relatively long intervals (the durations
and frequencies of which are generally unknown) are bathyal and abyssal.
All ripe females had large (2.5-8.0 mm diameter) eggs. Maximum fecundities
of the species ranged from six to 1,277.

‘ Based upon previously published information and the new data, a
possible life history for abyssal liparids is constructed.
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especially south of 798, and may be transported there by wind, mid-water
turbid layers, or bottom waters flowing north through the deep ocean
basins. Sediments become finér grained away from shore as coarse
terrigenous particles settle out, The more humid climate of northern
Peru produces finer fluvial sediments there than to the south. This ]
textural change also appears in adjacent marine sediments. In the Peru
Basin, bottom nepheloid layers are found where clay-sized terrigenous
material dominates the sediments. On the adjacent Galapagos Rise,
however, nepheloid layers are absent, and eolian-derived sedimentary
components in the <5y size range may exceed those transported to the area
by currents.

R-mode factor analysis has outlined sediment constituents from the
geochemical data. Terrigenous components dominate the slowly accumulating
clay-sized sediments of the Peru and Chile Basins, and the coarser, more
rapidly forming margin deposits south of 14°S. Biogenic deposits form at
intermediate rates on topographic highs on the Nazca plate. Very slow
hydrogenous sedimentation occurs in the seaward portions of the deep basins.
Sediments rich in organic components are concentrated in rapidly forming
deposits along the margin north of 14°S, beneath centers of strong
coastal upwelling.

Several distinct sediment accumulations have been mapped on the conti-
nental shelf and upper slope. An upper-slope deposit is anomalously fine
grained and organic rich; it lies between 10.5°S and 13.6°S, in the region
of most intense upwelling. Preservation of this body is enhanced by
the inclusion of fine inorganic material in biogenic fecal pellets,
and by the impingement of the shallow-water oxygen minimum layer on the
slope at the same level.
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and 18 June 1977 between 4 and 23°S from the coast of South America to about
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the core depth of the oxygen minimum layer. A nitrite maximum and a nitrate
minimum were also observed at or near the particle maximum core depth south
of =998, Near 49S, a weak nitrite maximum was observed within the oxygen
minimum layer at some stations., The protein distribution near 159S suggests
that the material in the particle maximum contains significant amounts of
organic matter.

The distribution of the particle maximum layer between 9 and 23°S and
its relations to the density field and the cross-shelf flow suggest that
most of the particles could originate in the bottom waters over the outer
continental shelf and be transported offshore in a quasi-horizontal path.

Offshore particle transport near the equator is probably supported
by a westward current off northern Peru between and under the eastward J
extension of the Equatorial Undercurrent and the Subsurface South
Equatorial Countercurrent. However, the source of the particles in this
2400-m maximum has not been determined.
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the smallest individuals occurring shallowest. Macrourid eggs have not
yet been identified from Oregon waters.
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frequent small particles have an insignificant role in vertical mass
flux.4-6 The ultimate source of organic detritus is biological product-
ion in surface waters of the-oceans. I determine here an empirical
relationship that predicts organic carbon flux at any depth in the oceans
below the base of the euphotic zone as a function of the mean net
primary production rate at the surface and depth-dependent consumption.
Such a relationship aids in estimating rates of decay of organic matter
in the water column, benthic and water column respiration of oxygen in
the deep sea and burial of organic carbon in the sediment record.
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The vertical flux of biogenous organic matter to the sediment surface is
a function of water depth and primary productivity; this relationship
can be expressed empirically as:
(1) org=Cgyy, = 5.9 * depth 70.816. productivity
Upon descent through the water column and prior to burial, biogenous detrital
organic matter undergoes strong elemental fractionation by preferential
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sediment interface, a portion of the detritus is converted into biomass by
benthic organisms, which concentrate nitrogen and phosphorus relative to carbon.
These two processes are reflected in the elemental composition of sedimentary
organic matter. A third process concentrates organic matter in sediments by
sorption onto clays. This sorbed material is high in organic-N and devoid of
organic-P; its relative abundance is highly only in pelagic clays. The
concentrations of each of the three forms of organic matter - detrital,
biomass, and sorbed ~ can be calculated from the following expressions:

(2) org-Csorb ~ 0.005 - Al,03

org-Ctotal 0rg-Csorp -~ e°0rg-Neotal

3) org-Cyery =
' (1 - e/f)
(4) org=Chiom, = 0rg-Ceqp,1-0r8=Cdery,~0r8-Csorb

where e and f are the C/N elemental weight ratios of biomass and detritus
respectively.

Unclassified

SECURITY CLASSIFICATION OF TWis PAGE(When Date Entered)

- -t




Coupewi, LH8OCH, pp. BRT 699

Aspects of Reproduction of Liparid Fishes from the
Continental Slope and Abyssal Plain off Oregon,
with Notes on Growth

Davip L. SreIN

Reproduction of 13 species of bathyal and abyssal benthic liparids (Osteodiscus
cascadiae, Acantholiparis opercularis, Paraliparis latifrons, P. rosaceus, P. megalo-
pus, P. mento, P. cephalus, Careproctus mel . C. oregonensis,
C. ovigerum, C. longifilis, and C. filamentosus) off the coast of Oregon was studied.
Information on fecundity, reproductive periodicity, size at maturity and length-
weight relationships were obtained from all but P. cephalus and C. filamentosus.
These species can be divided into three groups on the basis of fecundity rela-
tionships, and into two groups based on whether they appear to spawn throughout \
the year or periodically. Characterization of species as continuous or periodic
spawners was based upon presence of ripe eggs throughout the year, presence of
ripe eggs seasonally, or size distributions of ovarian eggs in ripe females.

Species which spawn throughout the year are all primarily abyssal (>2,100 m).
Those spawning at relatively long intervals (the durations and frequencies of
which are generally unknown) are bathyal and abyssal. All ripe females had large
(2.5-8.0 mm diameter) eggs. Maximum fecundities of the species ranged from
six to 1,277.

Based upon previously published information and the new data, a possible life

us, C. micr

history for abyssal liparids is constructed.

HE Liparidae contains several hundred

species, occurs in all the oceans of the
world and is distributed from the intertidal to
the hadal zones. Despite this, little is known
about liparid reproduction.

Knowledge about liparid reproduction is of

interest and importance. First, because the fam-
ily is one of the few with an extremely broad
depth distribution, it allows comparison of re-
productive habits of relatively closely related
shallow and deep water species. Second, such
knowledge can help decide whether or not
deep sea animals reproduce periodically or
continuously.

Most knowledge of liparid reproduction con-
cerns shallow water species. Able and Musick
(1976: Liparis inquilinus) and Detwyler (1963:
Liparis atlanticus) described egg sizes, spawning
periods and growth of the two species. There

have been many miscellaneous observations of

egg size, development or time of spawning in
various species (McIntosh, 1885; Collett, 1909:
Schmidt, 1916; Aoyama, 1959: Johnson, 1969;
Hart, 1973: DeMartini, [978).

Much less is known about reproduction of

deep water species. Since the review of repro-
duction in deep water liparids included in
Mead et al. (1964), little knowledge has been

added. Cohen (1968) mentioned egg sizes of

Paraliparis calidus. Wenner (1979) described the
occurrence of Paraliparis garmani, P. copei, P.
calidus, sizes of ovarian eggs, testes and feeding
habits, and speculated about possible mouth
brooding by P. garmani males. Some species of
Careproctus are known to lay eggs in lithodid
crabs (Hunter, 1969; Parrish, 1972: Peden and
Corbett, 1973).

This paper describes the results of a study of
the eggs, fecundity, reproductive periodicity,
size at maturity and length-weight relationships
of 13 species of liparids in four genera. These
species occur between 200 and 3,585 m off the
coast of Oregon, and were described or rede-
scribed by Stein (1978). Yhev are Careproctus
longifilis Garman, C. microstomus Stein, C. fila-
mentosus Stein, (. oregonensis Stein, C. ovigerum
(Gilbert), . melanurus Gilbert, Osteodiscus cas-
cadine Stein, Acantholiparis aperculariv Gilbert
and Burke, Paraliparis rosacens Gilbert, P. me-
galopus Stein, P. cephalus Gilbert, P, latifron
Garman, and P. mento Gilbert.

MATERIALS AND METHODS

All but 11 of the specimens examined were
obtained from the bottom trawl collections de-
scribed by Stein (1978) and made over a period
of about 14 vears. Eleven specimens of (. me-

© 1980 by the Amevican Souets of Kohthwologists and Herpetolmpss
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Fasie 1 Seecies ExaMisen, tie Deeris rRoM WHICH THEY CaMe, NUMBERS EXAMINED AND 1HE MONTHS
N Whten Puey weke Cotrecren. Months were not sampled equally. Numbers of spedimens do not represent
relative abundances of individuals within or among species.

Species Depth (m) N ke M
A. npﬂt‘ll/url\ 1,900-2.4497 6l 10 33
C. plamentosus 2,850 1 |
C. longifiles 2R803-2 816 3 1 i
. omelanurus 190-1,600 26 2 3
(. micrastomus 2.740-3,585 k] 1 1
C. oregonensiy 1,900-2,760 2
C. vvigerum 2,510 ]
O. ceneadiar 1,900-2,997 130 6 28 26
P. cephalus H30-960 12 I 3
P latifrons 2,2925-2,764 38 14
P megalopus 2.825-3,58) 5 1
P. mento ROO-960 2 2
P. rosucens 2.540-2,.809 5 1 4

April - Mav June  Jubv  Aug Sept (it Non o Dex

e .

3 7 2 2 2
|
3 8 4 1 2 2 1
1
1 |
1
6 4 17 6 1215
1 2 4 1
8 14 2
I 1 2

lanurus were borrowed from the fish collection
of the Department of Fisheries and Wildlife,
Oregon State University. All specimens were
intially fixed in 10% formalin solution and lat-
er transterred to 45% isopropanol. Standard
lengths of all individuals were measured to the
nearest millimeter. Specimens were weighed 1o
the nearest 0.1 g. When possible, both ovaries
of females were removed, lightly blotted with
absorbent paper, and weighed to the nearest
0.001 g. Such accuracy was necessary because
ovaries and testes of immature individuals
often weighed less than 0.001 g. Both testes of
male Adcantholiparis opercularis, Paraliparis lati-
frons and testes of selected males of other species
were removed, blotted and weighed as above.

Eggs were measured to the nearest 0.17 mm
using an ocular micrometer and a binocular
dissecting microscope. All measurements are of
greatest diameter of preserved eggs. Johnsen
(1921) found that 5.0-5.5 mm fresh eggs could
shrink 0.3-1.0 mm in preservation. Because all
specimens were preserved similarly, it was as-
sumed that egg sizes, ovary weights, standard
lengths and fish weights were comparable.
When <50 ripe eggs/ovary were present, all
eggs (from both ovaries) with a largest diameter
greater than or equal to 0.37 mm (the size be-
low which egg measurement and enumeration
was too difficult) were measured and counted.
With the exception of the eggs of . ovigerum,
if >50 ripe eggslovary were present a repre-
sentative subsample (ca. 50 ripe eggs plus a pro-
portionate number of unripe eggs) was re-
moved after ascertaining the intra-ovarian

distribution of eggs of different sizes. The sub-
sample was weighed and the eggs in it mea-
sured and counted. The number of eggs of dif-
terent sizes contained in the whole ovary and
both ovaries were then estimated by propor-
tion. In C. ovigerum, because of the size of the
ovaries and difficulties involved in adequately
subsampling the eggs, only eggs from the right
ovary >2.87 mm were counted and measured.
Fecundity was estimated as the total number of
ripe eggs present in each female.

Mature (ripe) eggs were comparatively very
large, yolk-filled, barely translucent, with a
hard, tough chorionic membrane, almost com-
pletely free of ovarian tissues within the ovary
(i.e. nearly ovulated). Maturing (ripening) eggs
were large, yolky, with a tough chorionic mem-
brane, firmly held in ovarian tissuc. Immature
eggs were relatively small, transparent, volk-
free, very hirmly embedded in ovarian tissues.

Females considered ready to spawn or
spawning (ripe) had ovaries containing mature
eggs. Spawning females had ovaries with ripe
eggs and “large empty spaces™ (usually clearly
the size and shape of individual ripe eggs).
Spent females had flaccid ovaries with no ripe
eggs present. All females longer than the short-
est female of that species having ripe cggs were
considered mature, whereas all females shorter
than the shortest female with ripe eggs were
considered immature. Minimum length at fe-
male maturity was that of the shortest female
with ripe eggs of that species.

Ripe males had swollen, translucent, white,
reticulated testes. Unripe males had thin,

]
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opaque, cream-colored, usually short testes.
Minimum length at male maturity was that of
the shortest male with ripe testes of that species,

Conclusions concerning continuity of spawn-
ing were based on times of occurrence of ripe
females and on size distributions of ovarian
eggs in ripe females. Species were considered
to he “continuous”™ spawners it ripe females
were capared throughout the year or if ovar-
ian egy sizes in ripe females were widely dis-
tributed (“long spawning perviod” of Hickling
and Rutenberg, 1936). Species were considered
to be “periodic” spawners if ripe females were
present part of the year or if size distributions
of ovarian eggs in ripe females were narrowly
distributed (“short and detinite spawning pe-
riod” of Hickling and Rutenberg, 1936).

Length-weight relationships were described
using a regression equation of the general form
W = aSLP, where W = whole body weight in
grams, S1. = standard length in mm, and a and
b are constants.

Resvrrs

Osteodiscus cascadiae:  One hundred thirty in-
dividuals (69 females, 30-81 mm; 61 males, 33-
71 mm) captured during nine months of the
year (Table 1) were examined. All males with
large testes had a prominent genital papilla.

Maximum egg diameter was 5.29 mm. Eggs
were not segregated by size within the ovaries;
the largest eggs occupied most of the space,
with smaller eggs filling the interstices. Those
>2.00 mm occurred in distinct size groups
composed of few eggs (Fig. 1). Three females
had eggs >5.00 mm, I8 females had eggs be-
tween 4.00 and 4.99 mm and 9 had eggs be-
tween 3.00 and 3.99 mm. The total number of
ripe eggs (>4.00 mm)/female ranged from 1 10
7. the mean was 4.05 and the mode was 3 (6
females). There was no clear relationship he-
tween fecundity and length. Females mature by
ca. 65 mm (Fig. 2).

Ripe females occurred in January, February,
March, May, June, July and October. Females
which appeared to have spawned recently oc-
curred in March, June and July (Fig. 3). Aduh
females with maturing eggs, ready to spawn or
spent occurred simultancously (Fig. 1). Ripe
males were found in February, March, May,
June, July and October. Spawning probably
takes place all year, eggs being laid in small
clutches or (perhaps) singly.

Length-weight relationships of females and
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Fig. 1. Size distributions of ovarian eggs in three
mature females (A) spent, B) with maturing eggs. )
ready to spawn) of Odeadiscus caseadiae captured with-
in two weeks.

males are described by W = 3.303 x 10 S§1.313,
and W = 1.294 x 10 *SL.2™ respectively.
Length-weight relationships for all individuals
are described by W = 5268813, Large vari-
ations in adult female weights result from the
highly variable number of large eggs present.

Acantholiparis opercularis:  Sixty-one individuals
(36 females, 34-75 mm; 25 males, 32-58 mm)
were examined. They were captured during
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Fig. 2. Standard lengths at sexual maturity of fe-
male Acantholiparis opercularis, Careproctus melanurus,
Osteodiscus cascadiae and Paraliparis latifrons.

seven months of the year (Table 1). No distinct
external sexual dimorphism was evident.
Maximum egg diameter was 4.96 mm, but
the one egg of this size may have been distort-
ed: the next largest egg was 4.80 mm. Egg dis-
tribution in the ovaries was similar to that in 0.
cascadiae. Eggs occurred in distinet size groups,
each of which contained relatively few eggs ex-
cept for those less than 1.00 mm (Fig. 4).
Twelve females, SL. 51-75 mm, had ripe eggs
(>4.00 mm). No female less than 51 mm had

eggs >0.74 mm. The number of ripe eggs per

female ranged from 1 to 6; the mean number

of ripe eggs was 3.2, although the mode was 1.

Only females 65 mm or longer contained 4 or

‘e ripe eggs. One 51 mm female had a ripe

~¢ 1 the right ovary and none over 0.50 mm
A,

| arthonpaes per. L0

Grepeoctus meianw us
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Poratpor:s tohfrons
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Fig. 3. Maximum size of ovarian eggs present in
mature individuals of Acantholipans opercularss, Care-
proctus melanurus, Ohteodiscus cascadae and Paraliparis
latifrons at date of capture. o = spent or spawning
individual.

Females mature by ca. 531 mm SL (Fig. 2).
Length of males at maturity could not be de-
termined from the specimens available.

Ripe females occurred in February, March,
June, July, September and possibly November.
Possibly spent females occurred in February
and March (Fig. 3). Males which appeared ripe
occurred in March, July and August. Spawning
probably takes place throughout the year, few
eggs being laid at any one time.

Length-weight relationships of females and
males are about the same, W = 8.136 x
10 'S[34 and W = 9.423 x 107 'SL34!, respec-
tively. The combined relationshipis W = 8.05 x
10 7S1345,

Paraliparis latifrons:  Thirty-eight specimens
(22 females, 34-96 mm: 16 males, 31-88 mm),
captured during four months of the vear (Ta-
ble 1), were examined. Males with ripe testes
had a well developed genital papilla.
Maximum egg diameter was 4.47 mm. Egg
distribution within the ovaries was similar to
that of 0. cascadiae. Fggs formed distinct size
groups: groups of eggs >1.35 mm contained
relatively few eggs (Fig. 4). Six femules, 61-96
mm, had 2 to 8 ripe eggs (>4.00 mm): the mean
was 3.7, the mode was 2. Although the 96 mm
female had the most ripe eggs, there was no
clear relationship between length and number




STEIN—LIPARID REPRODUCTION 691

1000 3
t
'
i

100
f Acantholiparis operculor:s
t 18 March 1970
Z0mm SL

o —

1000

o3
S

P e e ——

6] 20 40 60
EGG DIAMETER (mm)

0]

9

8 100 .
Careproctus microstomus

5 5 Octoter 1972

x 197 mm SL

w

o

S5 10

2

z

Paralparis latifrons

4 Ocrober 1969
96 mm SL

1 T
80 O

29 Morch /1969
%62mm SL

M T T TR sy Ty s v vrers)

F

PR G

Coreproclus oregonensis

19 Moy 1973
79 mm St

Paraliparis megoiopus
10 Joruary 1967
r 152 mm SL

I-T—v ASLEAAAL N

4 1 1 ) 1 J

.
20 40 60 80

Fig. 4. Size distributions of ovarian egys in individual mature females of dcantholiparis opercularis, Care-
proctus longiplis, C. microstomus, C. oregonensis, Paraliparis latifrons and P. megalopus, with dates of captures and

SI.

of ripe eggs. Females mature at about 61 mm
(Fig. 2).

Ripe females were captured in March, july,
September and October (Fig. 3). Apparently
ripe males were collected in March and Sep-
tember. Spawning in this species prohably oc-
curs throughout the year.

The length-weight relationship for both

sexes combined is described by W = 6.56 x
10 ’SL247, The length-weight relationship of
females is described by W = 5.19 x 10 %§] 2%,
Insufficient numbers of males were examined
to determine a separvate L/W curve,

Careproctus melanurus:  ‘Twenty-six specitnens
(15 females, 92-312 mm: 11 males, 126-278

ol B - m
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Size distributions of ovarian eggs in individual mature females of Careproctus melanurus, . ovigerum,

Paraliparts mento and P. rosacews, with dates of capture and SL. Eggs of €. ovigerum smaller than 2.87 mm

were not counted.

mm) captured during nine months of the year
(Table 1) were examined. Mature males are ex-
ternally distinguishable from females by pos-
session of a genital papilla up to 7 mm long.

Maximum egg diameter was 4.63 mm; these
eggs were completely free within the lumen of
the ovary. Ripe eggs (>3.84 mm) filled the an-
terior half of the ovary and distinctly smaller
unripe eggs filled the posterior half. Maximum
observed fecundity was 534. Ripe eggs com-
posed up to 73% of ovarian weight. The ripe
eggs form a group widely separated from the
smaller eggs (Fig. 5).

Length of female C. melanurus at maturity
could not be precisely determined because of
small sample size and highly variable egg size,
but it appears to be between 200 and 220 mm
(Fig. 2). Sample size was too small to conclude
that the sexes have different maximum sizes.

Spawning may be seasonal; the only females
with eggs over 4.0 mm were captured in April

and June (Fig. 3) although Large females were
collected in March, April, June and October.
Males with the largest testes were collected in
June (0.85% toal weight) and in September
(0.93% total weight). Ripe or maturing females
were collected at 200, 265, 274-430 and 1,300
m depth.

The length-weight relationship for both
sexes combined is described by W = 8160 x
10 *SL3; for females, by W = 7.617 x
10 fSLA1 Insufficient numbers of males were
examined to determine a separate L/W curve.

Careproctus microstomus:  ‘Three females (178,
183, 197 mm) captured in February, March and
October, respectively, were examined.
Maximum egg diameters were 6.60 mm, 6.11
mm and 7.58 mm, respectively. The ovaries of
the longest female contained 15 ripe eggs
(=7.00 mm); the next largest eggs present were
4.76 mm (Fig. 4). Ovaries of the other females
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contained no eggs as large as 7 mm but did
have 11 (left ovary only) and 19 (both ovaries)
epgs >6.00 mm. The largest eggs of the 178
mm female each contained a distinet, large oil
droplet.

Size distributions of ovarian eggs of three
ripe females suggest that members of this
species may spawn continuously.

Paraliparts rosaceus:  Five females (288-361
mm) captured in January and March, were ex-
amined.

The largest egg was 3.65 mm. A number of
distinct size groups were present in two speci-
mens, The ovaries of a female (ca. 350 mm)
ready to spawn captured in January were swol-
len and contained two groups of eggs: 3.32-
3.65 mm, and <1.35 mm (Fig. 5). Estimated
number of ripe eggs was 1,277, The ovaries of
another female (333 mm SL) captured in
March, did not contain any eggs larger than
1.68 mm.

P. rosaceus appears to spawn at least in the
winter. The 333 mm female discussed above
could have spawned ecarlier. A third temale
(March: 361 mm) had a group of relatively
small developing eggs, perhaps indicating re-
covery from i much earlier spawning.

Careproctus oregonensis:  'T'wo females (119, 153
mm) captured in May and July, were examined.
Largest eggs were 5.62 mm and 5.29 mm re-
spectively. The ovary of the larger female con-
tained five eggs =35.00 mm and five eggs be-
tween 4.51-4.99 mm. The ovary of the smaller
contained three eggs =5 mm and four eggs be-
tween 4.26 mm and 5.00 mm diameter (Fig. 4).
Size distributions of ovarian eggs of the ripe
females suggest that this species may have pro-
longed or continuous spawning.

Careproctus ovigerum: One female, 431 mm,
captured in September, was examined. Maxi-
mum egg diameter was 7.75 mm. The right
ovary contained 936 eggs >5.25 mm, grouped
in two distinct size modes close together but
widely separated from the next largest eggs
(2.87 mm) (Fig. 5). Estimated number of ripe
eggs (6.93-7.75 mm) in both ovaries of the
specimen was 756. These eggs were free in the
lumen of the ovary; immature eggs were pe-
ripheral to them. Size distribution of ovarian
eggs in this female suggests spawning periods
separated by long intervals,

Paraliparts megalopus:  Five specimens (three
temales, 137, 150, 152 mm: two males, 114, 132
mm) captured during four months of the year
(Table 1), were examined.

I'here was no obvious sexual dimorphism.
Only one female (152 mm, collected in January)
had large eggs, of which the Lirgest was 4.31
mm. kgg size groups were not quite as distinc
as those of many of the other species studied,
although the pattern was similar to those of the
continuous spawners (¥Fig. 4). There were 32
ripe (>3.62 mm) eggs present with many
groups of smaller eggs also present. The males,
captured during October, were apparently
ripe. Size distribution of ovarian eggs in this
female possibly suggest prolonged or continu-
ous spawning.

Careproctus longtfilis: - Three female specimens,
146, 162, 162 mm, captured in February,
March and November, respectively, were ex-
amined. The temale collected in November had
eggs up to 7.09 mm diameter (Fig. 4). There
were 16 ripe (>6.31 mm) eggs present. The
146 mm specimen contained eggs up to 1.52
mm; the 162 mm female collected in March had
only eggs <0.86 mm. Size distribution of ovar-
ian eggs in a ripe female possibly suggests pro-
longed or continuous spawning.

Paraliparis mento:  T'wo specimens (female, 114
mm; male, 95 mm), captured in January (Table
1), were examined. There was no obvious sexual
dimorphism. The largest egg was 2.50 mm.
Eggs of different sizes were evenly distributed
throughout the ovaries. There were two groups
of different size eggs: (ripe) 2.00-2.50 mm (101
eggs) and <1.00 mm (Fig. 5). The male ap-
peared to be ripe. Size distribution of ovarian
eggs in the ripe female suggests possible peri-
odic spawning.

Paraliparis cephalus:  Twelve specimens (six fe-
males, 37-83 mm: six males, 58-82 mm) cap-
tured during six months of the vear (Table 1
were examined. There was no obvious sexual
dimorphism. Maximum egg diameter was 0.86
mm. No females had mature eggs. One male
(82 mm) captured in January had well devel-
oped testes and seemed to be ready to spawn.
No conclusions were made about reproduction
of this species.

Careproctus frilamentosus:  One female (180 mm)
captured in February was examined. The larg-

.
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est eggs were 0.70 mm; they were obviously im-
mature, with no obvious volk, and a thin outer
membrane. The ovaries were relatively small.
There were no signs of recent spawning. No
conclusions were made about reproduction of
this species.

Discussion

The question of whether seasonal reproduc-
tion exists at abyssal depths has been discussed
at least since Orton (1920) proposed that ani-
mals living in stenothermal environments (po-
lar seas, great depths, tropics) reproduce con-
tinuously. Although the evidence is not
abundant, recent studies have shown that at
least some endemic Antarctic benthic fishes have
distinctly seasonal reproduction (Hureau, 1970)
and that tropical reef fishes may either have
spawning peaks (Munro et al., 1973) or pro-
longed but distinct seasonal reproductive pe-
riods (Russell et al., 1977). Until now there has
been little evidence for or against the existence
of seasonal spawning of fishes in the abyss.

Menzies et al. (1973) reviewed the evidence
for seasonal and continuous spawning of abys-
sal fishes and invertebrates. Based on their own
studies of isopods and on those of other groups
by other authors, Menzies et al. concluded that
“the fauna ... tends to show definite repro-
ductive periodism”™ but were unable to dem-
onstrate an environmental cue for it. Rokop
(1974) found year round asynchronous repro-
duction in bathyal brittle stars and crustaceans,
continuous reproduction in bivalves and a poly-
chaete, and seasonal reproduction in a bathyal
brachiopod and scaphopod. The last two were
species from the continental shelf whose distri-
butions extended into bathyal depths. He con-
cluded that “year-round reproduction is the
common pattern in the deep-sea benthos.”

There is substantial evidence to show that
bathyal fish species (primarily macrourids) ex-
hibit either seasonal or continuous reproduc-
tion. Novikov (1970), Savvatimskii (1969), Hae-
drich and Polloni (1976), S$.1.O. (1975) and
Rannou (1976) showed that a number of dif-
ferent macrourid species which live on the con-
tinental slope have definite seasonal spawning.
Nielsen (1969) concluded that an aphyonid,
also from the continental slope, has continuous
spawning. Mead et al. (1964) suggested that
abyssal benthic fishes would spawn continu-
ously, perhaps show parental care, and would
have low fecundity with large eggs. Rannou

(1975) proposed that at least some abvasal fishes
spawn periodically, based on the presence of
“growth checks™ (similar o those in otoliths of
shallow water hshes) in the otoliths of Cory-
phaenotdes guentheri (Macrouridae, 1,800-3,000
m), Bathysaurus mollis (Bathysauridae, 4,240 m),
Hustiobranchuy  bathybius  (Synaphobranchidae,
4,700 m), Antimora rostrata (Movidae, 1,909 m),
Coryphaenoide leptolepis (Macrouridae, 4,256 m)
and C. armatus (Macvouridae, 4,256 and 2,750
m), and on the presence of a single group of
larvae in the ovaries of Cataetyx laticeps, a vivi-
parous brotulid from 1,889 m. Rannou himself
pointed out that he did not know the length of
the periods which he felt were represented by
the “checks.”

The conclusions reached here are that con-
tinuous spawning, and possibly periodic spawn-
ing (deposition of eggs at relatively long inter-
vals), exist in abyssal benthic liparids, and that
at least some slope liparids probably spawn sea-
sonally. The species examined here can be ten-
tatively divided into two classes: continuous
spawners and periodic (at least some of which
are probably seasonal) spawners. Species were
assigned to a group based upon capture of ripe
females throughout the year (0. cascadiae, P.
latifrons, A. opercularis), capture of ripe females
during part of the vear (C. melanurus), and egg
size distributions in ripe females (all other
species).

Following the logic of Hickling and Ruten-
berg (1936), de Vlaming (1974) and Rannou
(1975), the presence of only one size group or
two similar size groups of ripe (volked) eggs,
absence of intermediate size eggs. and presence
of a group of immature (yolkless) eggs indicates
that a species probably spawns only at relatively
long intervals. Conversely, presence of many
egg size groups indicate prolonged or contin-
uous spawning. Based on these criteria, contin-
uous spawners probably include Careproctus
longifilis, C. microstomus, C. oregonensis, Osteodis-
cus cascadiae, Acantholiparis opercularis, Paralipa-
ris megalopus and P. latifrons. The periodic
group probably includes Careproctus melanurus,
C. ovigerum, Paralipavis mento and P. rosaceus.
Rates of oogenesis are unknown for any abyssal
fishes. Rates of egg development in the above
species could be very slow, individual females
spawning at long intervals, but asynchronously
with most conspecifics. Although it is evident
that spawning is asynchronous in 0. cascadiae,
A. opercularis and P. latifrons, it seems unlikely
that females spawn only at long intervals. Al-
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Fasre 20 Seecies Maxivesm Freosony Groues, Maxtmess FroosmiiybeMmare, Maxise s b Diave ers,
SELAND Maximum Prreest Forar Bony Wetent REPRESEN1ED BY 1HE OvaRIEs. C = continuous, P = periodic
spawning.

Group Species Fecundity
1 A. upercular 6
C. oregonensts [1i}4
0. caveadar 7
P. latifrons 8
4 C. longfiles 16
P. megalopus 32
. mcrostomus 15
i P. mento 101
C. melanurus 534
C. ovigerum 756
P. rostceus 1,277

most all adult females had ripe eggs. If spawn-
ing occurs at long intervals and egg develop-
ment is slow, many adult females without ripe
eggs should have been captured. Fecundity is
extremely low in many species, which, if spawn-
ing occurred at long intervals, would result in
few offspring. Very few spent 0. rascadiae and
A. epercularis and no spent P. latifrons were cap-
tured. Furthermore, the presence of distinct
groups of ripening (intermediate size) eggs may
be evidence for relatively frequent replacement
of spawned eggs. It seems most likely that
spawning is not only asynchronous but that fe-
males spawn relatively frequently throughout
the year.

The continuous spawning group includes
three species which are known to spawn
throughout the year: O. cascadine, A. opercularis
and P. latifrons. Ripe females of the first two
species were captured during all seasons, anrl
the last during three seasons of the year. Adulrs
of all of these species are less than 200 mm
long, and have similar size distributions and
numbers of eggs. They have few (often very
few) ripe eggs present at one time; the larg-
est eggs are distinctly but not necessarily widely
separated from the next largest size mode of
eggs; and there is usually at least one group of
intermediate sized eggs between the smallest,
least mature eggs and the largest, most mature
ones. All the species in this group are abyssal:
the shallowest occurring species are C. longifilis
and A. apercularis, which reach 1,900 m, the
base of the continental slope. Mature female 0.
rascadiae captured in the same month were

Man egg dam

(mmns} Man sl vy wt Spaw g
+.96 75 16.95 (&
5.62 153 R C
5.24 Rl §.43 (¢
147 96 9.21 C
704 162 6.4949 <
1.31 152 7.60 C
7.58 197 5.80 C
2.50 114 10.32 P
1.63 32 1.43 P
7.75 431 1.23 P
3.65 361 6.66 P

found with ripe eggs present in various num-
bers; spent, with no large c¢ggs and no inter-
mediate (maturing) eggs: and with maturing
eggs (Fig. 1). Males of these species appear 1o
be ripe throughout the vear. Careproctus longi-
filis, C. microstomus, C. avegonensis and P. megal-
opus were included on the basis of egg size dis-
tributions and occurrence of ripe males.

Evidence is strongest for "periodic™ spawning
ot C. melanurus, which possibly spawns in spring
and summer. The only running ripe female
found was captured at the end of April. Peden
and Corbett (1973) found eggs off British Co-
lumbia in June, which they concluded (based
on meristic characters of larvae and size of egg
masses) were probably from C. melanurus. Par-
rish (1972) reported larvae and hatching eggs
oft Monterey, California in mid-October, al-
though he did not describe how they were iden-
tified. These occurrences are widely separated
geographically, and may have been from waters
of different temperatures. C. melanurus may
have a prolonged spawning season from early
spring to late summer (depending on presently
unknown factors).

Why C. evigerum and P rosaceus, the two larg-
est (of ten) abyssal species, would have periodic
reproduction is unclear. Stein (1978) suggested
that C. ovigerum, which displavs few of the mor-
phological characteristics of “tvpical”™ abyssal li-
parids, represents a more recent imvasion of
deep water by liparids. Periodic spawning of
this species could be a relict behavior. Shallow
water liparids spawn seasonally, although
spawning periods may be prolonged (Detwyler,
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L1 species of liparids.

1963; Breder and Rosen, 1966: Able and Mu-
sick, 1976). However, Paraliparis rosacens is a
typical abyssal liparid in all respects except, pe-
haps, its size. It has a relatively wide depth dis-
tribution (1,799-3,358 m) (Stein, 1978), which
extends up onto the lower contintal slope,
where it could be atfected by seasonally occur-
ring environmental events.

These liparid species can also be divided into
three groups based upon maximum fecundity
(Table 2). These groups are: Group I, species
producing fewer than ten ripe eggs at one time;
Group I, species with 10-100 ripe eggs; Group
I, species producing more than 100 ripe eggs
at once. These groups also generally divide the
species by length. Paraliparis mento is the only
species which falls between groups (N1, its
fecundity is barely high erough to place it in
Group 111, but its length places it in Group I1.
A plot of species maximum length against max-
imum fecundity demonstrates a significant re-
lationship (Fig. 6). demonstrating a close rela-
tionship between maximum size of species and
fecundity. Fecundity differences between species
seem to reflect continuous spawning (few ripe

eggs present at once) versus periodic spawning
(many ripe eggs present at once).

Great ditferences in numbers of ripe eggs
present per female may not reflect actual vearly
spawning effort. If the rate of egg development
and deposition in Group 1 is high (i.e., on the
order of two eggs per week) the total number
of eggs spawned over a long period (for ex-
ample, a vear) could approach that of some of
the periodic spawners. It a female O. cascadiae
produces 100 eggs a year, and if a female P,
mento spawns once a year, their vearly egg num-
ber would be similar. Thus, egg production of
many species might be approximately the same,
although the energy devoted to it would not
necessarily be equal.

Maximum gonad weights (expressed as a
percentage of total body weight) do not show
differences as great as egg numbers, and are
inversely related to fecundity (Fig. 7). The go-
nads of the “continuous™ spawners are relative-
ly larger than those of the “periodic™” species.
The liparids all produce large eggs: vet the
large species invest relatively less energy (i.c.,
have relatively lower gonad:body weights) in
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reproductive products. Fhis mas be an energy
saving adaptation, the result of differences in
parental Gare, or the vesult of other tactors dit-
ferently affecting survival of oftspring of Targe
wsosmall species. The abyvssal benthic envivon-
ment s considered to be exuemely constant
(Sunders, 1968, Rokop, 1974) and the benthic
community is probably i stable one which is not
perturbed very often. It recruitment and loss
of oftspring are relatively constant, extra otf-
spring would represent an unnecessary energy
loss to the adults.

Intertidal or shallow subtidal liparid species
mav have shorter life spans, higher fecundity
and much smaller eggs than the deeper living
species. Able (1973) and Able and Musick
(1976) described the hfe history of Lipars in-
quilinus, o small (<71 mm TL), short lived (2
vears) shallow water (5-97 m depth) species
which probably has only one (prolonged)
spawning period in its life. The mean number
of large (1.0-1.3 mm) eggs present was 342 for
females collected at sea (laboratory raised fe-
males had a mean of 447 eggs). Because spawn-
ing may be repetitive the total number of eggs
laid by each temale was unclear. Detwyler
(1963) estimated that L. atlanticus (<97 mm S1)
deposit 1,400-3,000 eggs (average size 1.1 mm)
per female per season. Johnson (1969) found
that L. pulchellus (<170 mm S1) had eggs up to
1.48 mm, but did not estimate number of ripe
eggs. Eggs of other shallow water liparids are
small. Aoyama (1959) found developing eggs
of L. tanakae to be 1.7-1.8 mm. Breder and
Rosen (1966) stated that eggs of L. montagui ave
about 1.1 mm and those of L. liparis are about
1.5 mm. De Martini (1978) stated that tertilized
eggs of L. fucensis are about 1.0 mm.

A probable life history for deep water lipar-
ids can be constructed using new and published
data. Eggs are probably laid in a protected lo-
cation (such as under a rock), or in or on an
ivertebrate with a hard exoskeleton. Such be-
havior occurs in shallower living species (Able
and Musick, 1976; Hunter, 1969; Parrish,
1972: Peden and Corbett, 1973). Parental care
seems likely in species which lay a comparative-
ly large number of eggs at a time, but untlikely
in species laving few eggs at a time over long
periods; the latter would be required to devote
virtually the whole vear 1o protecting the eggs.
At least one shallow water liparid species shows
parental care (Detwyler, 1963; DeMartini,
1978). Gilbert (1896) concluded that €. oviger-
um is a mouth brooder because the holotvpe, a

e, held deseloping 1.9 mm eggs inats mouth
when captured. However, ripe eggs of the
spedies are almost 8 mm, so the holoty pe alimost
certainly ate the eggs ot anothet spedies. Wen-
ner (1979) found that the stomachs of four sex-
ually mature male P. garmant contained from
three 1o 17 undeveloped eggs of sizes similar 1o
those occurring in possibly mature females of
the same species. A male P calidus was tound
to have eleven eggs inits stomach. Wenner sug-
gested that P ogarman: males may be mouth
hrooders, and that the eges could have been
swallowed “during ascent of the trawl” Teseems
more likelv (if the eggs were trom conspecific
females) that the males were guarding the egys.
Many fishes which care tor their egys do not
feed while dotng so. At least one cichlid (Pter-
aplyllum scalare) removes unfertilized eggs trom
the egg mass while caring tor the eggs (Breder
and Rosen, 1966). Virtual absence of stomach
contents other than eggs in the above mules of
P. garmani and P. calbdus suggests that these
species may behave similarhy . Egg development
1s prabably slow because lavvae from large cgps
are generally very well developed at batching,.
Kviishin (1975) found that hatching Aptocvchus
ventricosus (Cyclopteridae) had no volk sac, and
illustrations of newly hatched larvae of Cur-
eproctus spp. in Hunter (1969 and Parrish
(1972) do not show prominent volk sacs. If
length of voung at hatching is proportional to
egg diameter, hatchling €. ovigerum (7-8 mm
eggs) could be >20 mm: Kyashin (1975) found
that average length of A. ventricosus larvae
hatched from 2.32-2.42 mm eggs was 6.7 mm,
and Parrish (1972) found newly hatched €.
melanurus to be 9-12 mm long (eggs ca. 4.5
mm). Marshall (1933) pointed out that newh
hatched Paraliparis gracilis are well developed.
and suggested that “certain species may have
no pelagic stages.” The voung probably take up
benthic residence and habits very soon or im-
mediately after hatching. Sexual maturation
mav begin comparatively early, although 1t
might take a relatively long time. All females.
even those 30 mm long, examined in this study
had eggs casily recognizable at 6x magnifica-
tion.

This pattern of life history mav be character-
istic of deep sea liparids. Niclsen (1964) found
that egg sizes in Careproctus kermadecensis
(6,660-6,770 m) were distributed similarly 0
those of the continuous spawners discussed
here. One female had about 16 eggs of 8 mm,
while another had about seven 6.5 mm eggs
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and a continuum of smaller egg sizes. Nielsen
also examined a temale C. reinhardti from about
250 m depth oft Greenland. He found that it
contained “eggs of almost equal size .. which
is the pattern in periodic spawners. Johnsen
(1921} found chat Rhodichthys regina from 1,738
m in the North Adantic had about 70 eggs 3.2-
4.0 mm “surrounded by many quite small eggs
with a diameter up to | mm.” Wenner (1979)
captured apparendy ripe male Paraliparis gar-
mani in the northwest Adantic at undisclosed
depths in Junuary, June, August and Novem-
ber, and female conspecifics with 3.3 mm eggs
in September and January. Numbers of ripe
eggs were not given. Presence ol ripe males
throughout the year, and presence of ripe fe-
males at widely separated tumes of the year may
indicate continuous spawning. Abyssal and
many bathyal liparid species may be continuous
spawners although some bathyal and all shallow
water species may reproduce periodically (pos-
sibly seasonallv).
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Surface sediments of the
Peru-Chile continental margin and the Nazca plate

LAWRENCE A. KRISSEK
KENNETH F. SCHEIDEGGER
LAVERNE D. KULM

ABSTRACT

Surface sediment samples from 86 loca-
tions on the Peru-Chile continental margin
and the Nazca plate have been analyzed for
bulk chemistry and texture to evaluate the
factors influencing sediment formation on
continental slope and adjacent abyssal plain
depositional environments. Sand-sized cal-
careous microfossils are abundant above
the carbonate compensation depth (CCD),
but their removal by dissolution leaves
fine-grained deposits 1n the deeper basins.
Terrigenous silts are found seaward of the
Peru-Chile Trench, especially south of 7°S,
and may be transported there by wind,
mid-water turbid layers, or bottom waters
flowing north through the deep ocean ba-
sins. Sediments become finer grained away
from shore as coarse terrigenous particles
settle out. The more humid climate of
northern Peru produces finer fluvial sedi-
ments there than to the south. This textural
change also appears in adjacent marine sed-
iments, In the Peru Basin, bottom nepheloid
layers are found where clay-sized terrige-
nous material dominates the sediments. On
the adjacent Galapagos Rise, however,
nepheloid layers are absent, and eolian-
derived sedimentary components in the <§
# size range may exceed those transported
to the area by currents.

R-mode factor analysis has outlined sed-
iment constituents from the geochemical
data. Terrigenous components dominate
the slowly accumulating clay-sized sedi-
ments of the Peru and Chile Basins, and the
coarser, more rapidly forming margin de-
posits south of 14°S. Biogenic deposits form
at intermediate rates on topographic highs
on the Nazca plate. Very slow hydrogenous
sedimentation occurs in the seaward
portions of the deep basins. Sediments rich
in organic components are concentrated in
rapidly forming deposits along the margin
north of 14°S, beneath centers of strong
coastal upwelling.

Several distinct sediment accumulations
have been mapped on the continental shelf
and upper slope. An upper-slope deposit 1s
anomalously fine grained and organic rich;
it lies between 10.5°S and 13.6°S, in the re-
gion of most intense upwelling. Preserva-
tion of this body is enhanced by the inclu-
sion of fine inorganic material in biogenic
fecal pellets, and by the impingement of the
shallow-water oxygen mimmum layer on
the slope at the same level.

INTRODUCTION

The Marine Geology group of the Ore-
gon State University's School of Oceanog-
raphy began a comprehensive interdiscipli-
nary study of the Peruvian continental
margin and adjacent Nazca plate sedimen-
tary environments in May of 1977. This
program was designed to compare the
processes controlling hemipelagic sediment
formation beneath the coastal upweliing
and nonupwelling regions of the equatorial
east Pacific with those influencing sediments
in the adjacent pelagic regimes. The study
area is shown in Figure 1.

The region was considered ideal for this
study, because in a relatively restricted geo-
graphical area, many of the factors which
could influence the accumulation of such
fine-grained deposits are found. These in-
clude: (1) a well-defined continental sedi-
ment source which is influenced by latitudi-
nally varying rainfall and river runoff pat-
terns (Johnson, 1976); (2) extreme local
variability of the biological productiviry
within the water column (Zuta and Guillen,
1970); (3) the prominent Peru-Chile Trench
which serves as a barrier to the scaward
transport of sediment by turbidity currents
(Schweller and Kulm, 1978); (4) topo-
graphic highs and deep basins of the adja-
cent abyssal regions of the eastern Nazca
plate; and (5} well-defined surface currents
and wind patterns (summarized by Moli-
na-Cruz, 1978). This paper discusses the re-
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sults of textural and chemical analyses of
surface sediments recovered from the Peru-
vian continental margin and the eastern
Nazca plate. A major goal of our project
has been the recognition of the processes
and factors which control the deposition of
principally fine grained terrigenous sedi-
ments adjacent to a continental landmass.

SAMPLING AND ANALYTICAL
TECHNIQUES

Chemical and textural data were ob-
tained from 86 surface sediment samples
taken on the Peru-Chile continental margin
and the Nazca plate (Fig. 1). Most of the
samples were taken with graviry, Remeck
box, and Kasten corers.

The gross textural composition (sand,
silt, and clay percentages) of the samples
was determined with standard techniques,
and grain-size frequency analysis of the silt
fraction (4 to 63 u) was made (Thiede and
others, 1976).

Surface sediment samples were analyzed
for Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn, Ba,
organic C, Cu, N1, An, Sr, PO, (soluble),
PO, (particulate), and CaCQ,. Silicon and
phosphate measurements were made by
standard colorimetric techniques. Other
major and transition element analyses were
made by AA spectrophotometry. Organic C
and CaCO,; abundances were determined
with a Leco model WR-12 Automatic Car-
bon Determinator.

DISTRIBUTION AND GEOMETRY
OF SEDIMENT ACCUMULATIONS
IN THE STUDY AREA

Sediment cover along the Peruvian conti-
nental margin was mapped from 3.5 kHz
records obtained during R\ Wecoma and
RV Yaquina cruises. These high-resolution
reflection profiles arc spaced a maximum of
50 km apart along the margin, and they
generally extend from the continental shelf
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Figure 1. Core locations shown relative to the main phvsiographic features of the Peru-Chile continental margin and the Nazca plate.
Suppled pattern corresponds to topographic features in water depths <4,000 m; line pattern denotes axis of Peru-Chile trench. Modified

from Mammerickx and Smith (1978).

out over the slope. Most are of good to ex-
cellent quality, and show subbottom pene-
tration of 50 m or less in the mud deposits
along the margin.

Three major sediment accumulations
have been identified and mapped (Fig. 2).
The geometry of one deposit, an upper
slope mud lens, is summarized by the repre-
sentative profiles shown in Figure 3. It is a
well-defined and nearly symmetrical body
located between 10.5°S and 13.6°S,
although it may extend as far south as
15.1°S (see Fig. 2). A structural re-entrant
torms a broad, gently sloping upper conti-
nental slope in this region. Sediments here
are found at water depths from 110 to
%83 m, with the depositional axis at depths
of 164 1o 368 m. A sediment wedge and
small ponds of sediment with interspersed
barren areas are the tvpical accumulation

pattern on the upper slope between 6.5°S
and 10.5°S and between 16.0°S and 17.2°S.
On the adjacent shelf, 2 mud deposit occurs
between 8°S and 10.5°S, widening onto the
outer shelf at its southern end. It lies be-
tween 40 and 160 m water depth in this
area with its depositional axis (maximum
sediment thickness) at about 90 m depth in
the vicinity of 8°S, and at 135 m at 10.5°S.
A similar type of depositional feature ex-
tends to the south on the central and outer
shelf from 10.5°S to 17.2°S. 1t reaches sea-
ward to the shelf edge throughout this re-
gion.

Published profiles (Prince and Kulm,
1975} show that sediments on the steep
lower continental margin are confined to
local basins. In the axis of the Peru-Chile
Trench, sediment thickness rarely exceeds
850 m, while deposits on the eastern Nazca

plate vary in thickness from 80 to 170 m
(Ade-Hall, 1976, Yeats, Hart, and others,
1976; Prince and Kulm, 1975).

TEXTURAL CHARACTERISTICS

The textural characteristics of the Peru-
vian margin and Nazca plate sediments help
to explain the observed variations in occur-
rence and geometry of the deposits. Figure 4
shows the areal distribution partern for clay
abundance, and the textural data are sum-
marized for each geographic region in Table
1.

Insight into the texture of samples taken
seaward of the Peru-Chile Trench can be
obtained from a ternary plot of sand. i1,
and clav (Fig. §). Sediments associated with
specific physiographic prosvinces cluster to-
gether farrly well. The coarsest studied
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Figure 2. Sediment accumulations determined from 3.5-kHz records on the upper Peruvian continental margin. Profiles shown in

Figure 3 are identified by letters.

oceanic sediments are found on the Galapa-
gos Rise above 4,100 m water depth and
can be distingwshed from sediments in the
Peru and Chile Basins by higher sand and
silt content. In contrast, Peru and Chile
Basin samples are much finer grained but
may be distinguished by their silt contents.
Chile Basin samples were taken, with one
exception, shallower than 4,000 m, and
have silt contents of 25% to 30%. Peru
Basin sediments, however, were obtained
from deeper than 4,200 m, and contain
only 10% to 25" it

The available Jata also show both
along-and across-margin textural trends.
The clav content of samples taken in
profiles across the margin at 3°S and 7°$
(north:, 11°S and 13°S (central), and 22°S
(south) are plotted 1gainst the sample water
depth in Figure ~. Upper-slope samples

(< 1,000 m water depth) show no consistent
change from south to north. However, at
any water depth greater than 1,000 m, clay
contents of margin sediments systematically
increase from south to north. This figure
also illustrates the general trend of sediment
fining (increasing clay content) with depth
for all profiles, and the anomalously high
clay content at the surface of the “middle”
profile (13°S profile), which intersects the
upper slope mud lens.

Silt grain-size frequency curves illustrate
similar but more subtle downslope textural
changes. Data from the 7°S transect (Fig. 7)
illustrate the normal pattern of seaward
fining also observed at 3°S and 22°S. The
upper slope curve shows a strong coarse silt
signal, with a smaller fine silt mode. The
three deeper samples all show very large
fine silt modes. In addition, the coarse-silt

tail mugraces toward finer grain sizes for
samples farther downslope. By comparison,
data from the 13°S transect (Fig. 7} show a
reversal of the upper- and middle-slope sed-
iment characteristics. Due to the location of
the upper-siope sample within the anoma-
lously fine grained upper-siope mud lens,
silt size appears to increase downslope.
This reversal may be caused by (1) mask-
ing a regional upper slope sit input with an
anomalously large local influx of fine silt, or
(2, a decrease in the gran size of the re-
gional silt influx in this area only. However,
data presented in Table 1 and Figure 6
show a trend of sediment fiming from south
to north along the entire margin, mnstead ot
a pattern restricted to the region 10.5° to
13.6°. In addimon, strong stmilarities be-
tween the silt curves from the 3°S, ~°S, and
22°S transects and those trom the two
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PLATE DEPOSITS

WATER DEPTYH
@<4100m
¥>4100m

GALAPAGOS
RISE DEPOSITS

CHILE BASIN
DEPOSITS

PERU BASIN
DEPOSITS

anND CLAY

Figure 5. Ternary plot of sand, silt, and clay for samples recov-
ered from the Peru and Chile Basins and the Galapagos Rise. Sam-
ples from the Galapagos Rise typically have significant amounts of
biogenous sands and silts, whereas deeper basin deposits consist
almost entirely of terrigenous silts and clays. Note the finer grained
nature (higher ratio of clay to silt) for the Peru Basin deposits than
for the Chile Basin deposits.

7°S PROFILE

-~ NN
,/: \\.

\

\.
W
Voo

SEAWARD
QOF TRENCH

/
MIDDLE /g
-~ /

SLOPE® [
e \
/ ol :
/o A
o/ s
s .\
A ) 1 ~
13°S PROFILE
N\ " seawarp

& OF TRENCH

100
]

DEPTH (KM)

»

=

SLOPE ~INNER PLATE TRANSECTS
Figure 6. Percentage of clay in surface sediments from transects
across the continental slope at 3°S, 7°S, 11°S, 13°S, and 22°S. The
lines connect adjoining samples. Note the north-to-south differ-
ences in the percentage of clay of the samples, the increasing clay
content at greater depth, and the very fine grained upper-siope
samples on the middle transect.

Figure 7. Representative frequency curves for the silt fractions
of samples located on the 7S and 13°S profiles. Note the normal
pattern of sediment fining away from the continent in the 7°S
profile, the anomalous fine-grained nature of the upper-siope sedi-
ment sample in the 13°$ profile, and the similar position of the fine
silt mode for all samples.
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o Figure 8. Silt/clay ratios for samples taken on transects at 3°%,
— et —t———90 8°S, and 11°S. Only samples below the upper slope were used in
" —_— drawing the lines shown. Note the change in the rate of fining for
T~ samples seaward of the trench axis.
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deepest samples at 13°S suggest that local
influences ccntrol the accumulation of 3 T T T T T

anomalouslv tine grammed material on the
upper slope 1n this area. The implications of
these observations are discussed further be-
jow.

Texrural data trom transects across the
Peru-C hule Trench at 3°%, 7°S, and 13°8
have peen used to evaluate the role of the
trench as a barnier to the seaward transport
of terngenous material. Figure 8 shows the
plots of siluclay ratio versus distance
offshore tor eacir protile, as well as the lo-
cation of the trench axis, Carbonate-tree
splits ot these samples gave similar results.
The seaward-nining trend on the margin 1s
lustrated by an approximate hest-fit line to
data points from below rhe upper slope on
each profle. In cach case, the margin iming
trend, f extended farther offshore, predicts
that the siltclay ratio should reach zero
landward ot the rench axis. However, the
samples taken seaward of the trench axis all
have ratios greater than 0,12, A partial ex-
planation for the anomalously high siltclay
ratios of the abyssal oceanic sediments may
mvolve a greater proportion of coarse
biogenous opaline debris. We have found
that the opaline {especially radiolarian)

A FACTOR |
: : LOADINGS
[ ; AN [ B v <« =-100
.I‘é,‘r e ! c -1.00 - +052
— ’ ' | ) , | —
! ’ ) N l‘
i elocsnous l'

!SEDIMENTATION

—10°
t
.-
2C°
A 1 1 i 1 1
100° 90° 80° 70°

Figure 9. Results of an R-mode factor analysis of all chemical data on surface samples
recovered from the study area. Factor score coefficients (F.S.C.) are noted for the chemical
variables for each factor.
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content of the silt fraction almost doubles
across the trench at 3°S and 7°S. However,
at 11°S, the opaline components decrease
by a factor of two across the trench, imply-
ing that terngenous particles alone must
cause the observed silt content increase.
Such terrigenous silts may reach the abyssal
plain by eolian transport, transport across
the trench within the water column, or
transport from the coarser southerly de-
posits by bottom water flowing north sea-
ward of the trench (Lonsdale, 1976). Unfor-
tunately, our data do not allow distinction
between these three possibilities.

BULK SEDIMENT GEOCHEMISTRY

To distinguish and characterize sedimen-
tation types within the study area, 18 chem-
ical species were measured in the surface
sediment samples. Complementary data
from other areas on the Nazca plate are
given in Dymond and Corliss (1980). The
results were then subjected to R-mode fac-
tor analysis to examine relationships be-
tween samples on the basis of all variables.
Three major factors accounted for 73.0%
of the total date variance, while several
minor factors accounted for 2% to 5%
each. Figure 9 shows the areal distribution
of computed loadings for the three major
factors. Although the choice of loading val-
ues used to define provinces is arbitrary (not
a product of the analysis itselt, like a mean
or standard deviation), the choice of slightly
different values would not significantly alter
the provinces defined or the conclusions
reached here. To illustrate the actual com-
positional differences within factors, the
chemical data for samples with end-
member loadings in each factor are given in
Table 2.

Terrigenous and Biogenous Sedimentation

Loadings for factor 1, which accounted
for 39.9% of the total data variance, are
shown in Figure 9A. The factor score
coefficients (F.5.C.) show high positive
scores for the major elements S1, Al, Fe, Na,
K, and Ti, and extremely negative scores for
Ca, Sr, and CaCO,. Accordingly, strong
positive loadings in factor 1 indicate sam-
ples rich in Si, Al, Fe, Na, K, and Ti, and
strong negative loadings indicate an abun-
dance of Ca, Sr, and CaCQO, (see Table 2).
Si, Al, Fe, Na, K, and Ti form six of the nine
most abundant oxides in continental crust
{Mason, 1966), so that samples with high
positive loadings delineate regions domi-
nated by the deposition of land-derived ma-

o e e
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terial. The major forms ot Ca, Sr, and
CaCOy 1n the marine realm are calcite and
aragonite {Mason, 1966) produced by
Foraminfera and Coccohthophores (Berger,
1974, and references therein), and so
strongly negative loadings indicate a sedi-
ment (or an area containing sediments)
dominated by biogenic constituents.

Figure 9A shows a strong correlation of
the factor 1 loading parterns with the
phvsiography of the study area. High posi-
tive loadings occur in the Peru Basin and
from the coasthne seaward south of about
15°%. Strong negative loadings are found
along the broad crest of the Galapagos Rise,
while intermediate values occur along the
eastern flank of the Galapagos Rise, the
conunental margin norrh ot about 15°S, the
Nazca Rudge, and another topographic high
in the southeastern corner of the region.

Hydrogenous Sedimentation

Factor 2 (Fig. 9B) has very strong positive
factor score coefhcients for the transition
clements Mn, Cu, and Ni, as well as Ba.
There are no negative score coefficients of
equivalent magmitude. Manganese 1s one of
the major elements found 1 ferroman-
ganese deposits of several types — nodules,
micronodules, and crusts. These deposits
are enriched in transition metals to some
extent, depending on their history of for-
mation and diagenesis. They often contain
Ba as an accessory element (Cronan, 1974).
Thus, factor 2 characterizes the *“hydroge-
noas™ or metal -rich authigenic components
ot the sediments.

in I:gure 9B, factor 2 loadings are highest
in a we dge-shaped region, bounded approx-
imately on the west by the Galapagos Rise
and on the east somewhat seaward of the
Peru-Chile Trench. The northern termina-
tion of this province 15 located in rhe
vicimity of 3°5.

Upwelling-Influenced Sedimentation

Factor 3 1s marked by high positive factor
score coefticients (F.S.C.; for organic C,
PO, .soluble), and PO, (organic) (Fig. 9C).
As a result of the importance of organic
compounds in Factor 3, its sample loadings
may be taken as an inexact measure of the
importance of biological productivity in the
overlving water column.

The areal distribution of sample loadings
in factor 3 1s shown in'Figure 9C. Both high
positive and intermediate loadings cluster
along the Peruvian coast between 3°S and
about 16°S, with the high values concen-
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Sample Factor Loading  Si(),

W06 1

-21 Jernpgenous? .o 54.84

W06 1

-§1 Biogen. us 236 6.44

W06 N

-66 Hydrogs ncas 440 §4.98
7706 2

24 Nonhvdrogenous: - 78 63.02

w7706 3

-36 Nirong upwelling) §.12 37.72

W7706 3

-51 {Non upwelling) - 1.18 6.44

TABLE 2. END-MEMBER ( HEMIC AL

ALOy  FeOy MgO Cal) Na. )

15.98 719 3.87 2.1%8 2 90
091 0.26 0.30 §2.34 032
14.12 6.66 2.64 i.50 1.2§
14.11 5.67 271 2.8Y 3.3%
7.08 1.98 1.63 2.4% .88
0.91 0.26 0.30 §2.34 032

Note: Sy, ALOy, Fe,O,, Mg0), Ca0, Na;O, K. 0, TiOy, MRO, (., and Ca( O contents are 1n

weight percent. Ba, Cu, Ni, 5r, Zn, PO, (soluble),

and P, contents are in parts per million.

trated 1n a narrow band berween 11°5 and
14°S. The seaward boundary of the inter-
mediate zone closely follows the axis of the
Peru-Chile Trench. The remainder of the
study area shows strongly negative loadings
for tactor 3. This tactor has been termed an
“upwelling” intluence, because 1 comparn-
son with total pnimarny productiviry data
(Zuta and Guillen, 1970 shows maxima
concentrated landward of the Peru-Chile
Trench between 3“S and 15°S. The associa-
tion of such high productivity with upwell-
ing has been recognized for some ume
{(Smith, 196&;, and recent observations n-
dicate that measurable upwelling occurs
here :Brink and others, 1978;. The fine-
grained upper-siope mud lens isee Figs. 2
and 4! 15 also associated with the zone of
high tactor 3 loadings, indicating that this
depositional environment may be aftected
by biological activity in the overlying water
column.

CONTROLS ON SEDIMENT
TEXTURE AND GEOCHEMISTRY

The data presented above have allowed
us to define the following factors which
influence the textural and geochemical
characteristics of hemipelagic and pelagic
sediments:

Water Depth at the Site of Deposition

The water depth at 4 depoutional site
srrongly influences the sediment texture and
s tcrrlgernous-hu)genous component, as
seen in Figures 1, 4, and 9A. Except tor the
anomalous upper slope mud lens, margin
sediments become tiner away trom <hore
{see Figs. 6 and 8: Rosato and others,
1975), because the competence of wave ac-

tion as a transport agent for coarse material
decreases as the water depth increases
{Komar and Miller, 1973). Finer material 1s
transported by weaker water motions,
maintained n suspension McCave, 1972;
Pierce, 1976), and carried farther seaward
before deposition occurs. However, the rate
of decrease in gran size across the margin 1s
wrregular, and it may even be reversed in
some areas, such as the upper-slope mud
lens ‘see higs. 6 and T; Zen, 1959). Ter-
rigenous components, due to their adjacent
sotrce, dominate margin sediments in the
absence of upwelling (Fig. 9A.. In areas of
coastal upwelling, the hgh nput of both
terngenous and biogenous components
produces sediments with mixed charac-
teristics.

Seaward of the Peru-Chile Trench, the lo-
cation of the CCD near 4,000 m Kulm and
others, 1974} maintains the control ot
water depth on sediment texture and
geochemistry. Figures S and 9A reveal the
association of topographic highs above
4,000 m, high sand contents, and biogenous
sedimentation.

Continental Climate and Scdiment Supph

The south-to-north tining of margm sed-
UMents appears to stem from variations i
fluvially introduced material cansed by
changes in conunental Jmmate. The phyvai-
ography of western Peru v dominated by a
coastal plain (which narrows toward the
south. and the Andes Mountunis, Average
ramfall m this region decreases from 14
mmyr at 9°S to 2.2 mmyr oat 148
Johnson, 1976 . Studies oft Chile Gail-
Olivier. 1969; Scholl and others, 1970 and
northwest Africa Summerhaves and others,
1976, have found that the amount ot sed-
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COMPOSITIONS FOR THE FACTORS SHOWN IN FIGURE 9

Zn CaCOy PO, Pirs

__x:o Ti: MnO Ba G Cu NI S
287 0.70 1.16 1560 01§ 243 26 317 168 0.04 840 45
010 041 000 330 111 29 7S 1000 43 8675 eell 78
2.2 0.93 1.66 9830 0.72 5§31 S92 401 27 0.27 1315 168
2 44 0.81 0.17 400 .35 794 62 236 80 0.57 1233 109
1.0§ 237 0.03 460 21.te 93 199 191 120 2.0t 2879 1120
0.10 0.41 0.00 330 1.11 29 75 1000 43 86.75 6611 78

ment derived from a landmass increases and
its grain size decreases (Trask, 1961) as the
continental chmate becomes more humid.
Therefore, the northern Peruvian coastal
rivers should carry large amounts of fine
material, with a decrease in quantity and an
increase n grain size toward the south. In
addition, Summerhayes and others (1976)
demonstrated the importance of continental
physiography in the bypassing of terrige-
nous detritus to the ocean. The relatively
wide coastal plain in northern Peru should
effectively trap coarse-grained fluvial sedi-
ments before they reach the Pacific Ocean;
however, 1o the south, a greater relative
abundance of coarse-grained material
should successfully bypass the narrower
coastal plain and enter the ocean. The re-
sulting size heterogeneity of land-derived
material would explain, at least in part, the
south-to-north fining of sediments along the
Peruvian margin (see Figs. 4 and 6).

Influence of Biological Processes
on the Development of the
Upper-Slope Mud Lens

The anomalously fine grained upper-
slope mud lens is apparent in all of the
margin textural data (see Figs. 4, 6, and 7).
Examination of undisaggregated samples
with a light microscope, however, showed
that small (<200 um) fecal pellets are
abundant in these sediments (W. H. Hut-
son, 1978, personal commun.). As this de-
posit occurs beneath the zone of most in-
tense upwelling and biological production,
it appears that grazing zooplankton filter
fine-grained terrigenous particles out of the
water and incorporate them into fecal pel-
lets. These large aggregates settle rapidly to
the bottom (Schrader, 1970; Honjo, 1976).

Furthermore, 1n this area, a shallow
oxygen-minimum zone impinges on the
upper continental slope (Packard and
others, 1978) and would be expected to 1-
hibit the destruction of the organic material
encasing the pellets. The high organic car-
bon content (>20%; see Table 2 and
Figure 9C) supports this hypothesis. Thus,
the anomalously fine texture of these sedi-
ments is, at least in part, a result of our
sample treatment. In their natural state, the
aggregates in the lens are not anomalous in
terms of grain size, and their composition as
fecal pellets reflects the local upwelling
conditions.

Transport of Material in Suspension

Textural control by bottom-water flow is
inferred from unpublished nephelometer
data (H. Pak, 1977) obtained during the
WELOC-7706 cruise. It shows a well-
developed (200-m-thick) bottom nepheloid
layer in the clay-rich province of “terrige-

nous sedimentation’ in the Peru Basu: {see
Figs. 4 and 9A). In the Chile Basin, how-
ever, where the bottom sediments are rela-
tively coarser (see Figs. 4 and §) but contain
fewer coarse biogenic tests, the bottom
nepheloid layer is poorly developed or ab-
sent. This suggests that the bottom nephe-
loid layer is an important mechanism for
the transport of clav-sized material away
from or along the continental margin (Ew-
ing and others, 1971; Eittreim and Ewing,
1972), or for its redistribution once it has
settled near the bottom.

Eolian Transport

Sediment texture can be controlled by the
input of continentally derived eolian mate-
nal. Prospero and Bonatti (1969) collected
dust samples in the area 8°N to 17°S and
80°W to 110°W, and tound that all samples
had maximum mass in the 2 1o § um
(medium clay to very fine silt) size range.
Parucles with diameters in the range 20 to
40 um were common in samples taken
within a few hundred kilometres of land.
X-ray diffraction profiles of samples taken
on the Galapagos Rise above the level of the
bottom nepheloid laver are identical to
those given by Prospero and Bonatu (1969)
for eohan dusts from that region (Scheideg-
ger and Krissek, 1978). This suggests that
fine-grained eolian material is the dominant
terrigenous component in the sediments to
the west of provinces strongly influenced by
fluvial input.

Associations of Sediment Texture,
Geochemistry, and Sedimentation Rates

A comparison of the textural and
geochemical data (Figs. 4 and 9) shows
strong spatial correlations between these

TABLE 3. SEDIMENTATION RATES BY PHYSIOGRAPHIC PROVINCE
Province Average Number of Range References
sedimentation  determinations  (cm/10%yr)
(em/10Pyr)

Margin north of 15°S 32 4 17-66 DeMaster, 1979

Margin south of 15°S 5.5 <5-6 E. Suess, 1979, personal
commun.

Peru Basin 0.23 1 .. McMurtry and Burnett, 1975

Nazca Ridge 0.71 3 .61-.84 Molina-Cruz, 1978; Blackman
and Somayajuly, 1966

Galapagos Rise 1.67 1 CLIMAP, A. Mohina-Cruz and
T. C. Moore, 1975, personal
commun.

Northern plate 36 8 2,6-5.5 Ninkovich and Shackleton,

1975; Molina-Cruz, 1978

femi
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parameters. The ussoctanon ot the upper-
slope mud lens Fig 3 wuh the highest
loadings i the geochernal “upwelling fac
tor” Fig. 0 v 2 prime ex impic Sedioen
ranon rates show a suniiar \p.l!l.l' correla
tion. Published rates trom the study area
have been grouped By physioc-aphic poos
ince, and average provinge vaiues are hsted
m Table 30 As expected b the rapid
wput ot terrgrenous and brosenous detnitas,
aided by orgamcally procuced aggre. ates,
sedimentatior rates . che mud tees aie the
highest i the steds area

The pelagic proance of low sand ond
high clav contents see b 4 and hydroge:
nous >edimen: baractenstics bun 9B ha
very low sedimentation rates, o:n the order
of 0.5 cmy 1,000 vr or less. Such a correla-
tion has been widely noted previously
throughout the world occan (Cronan,
1974).

The assoctation of coarse-gramed sedi-
ments {(Fig. 41 ind viogenous sedimentation
‘Fig. 9A} on topopraphic highs retlects the
ctfect ot deposition above the CCH. This
brogenic mputincrex e sedimentation rates
e Galapagos Rise, Nazea Rudge, and
nourthern plate provinces above those found
.1 the Peru Basin.

CONCLUSIONS

Analysis o1 T.5-kH7 seismic records and
at the textural and geochemical charac
erstics of 86 surtice sediment sampies
—oam the Peraviar contmental margin and

Sadpaeent arssa ocean toor fead 1 the
toil wing concinstens:

t Three aiserete sediment aczumaia-
ron- <ntonihe upper continentl marnn,
One. in uprer-slope mud lens, hav 1 dis-
un. e geometr:

o the large ~caie textural parterns ot
sediments notle wredy area are ntluenced
by witer Sertas Proximity To rhe contmnen-
til ediment couece. lattudimal changes w
ternzenons ipus, the presence and «renuth
ot horroir currents and nephclond livers,
the formanon o ol pefleis i bighly pro
ductive cpwelin o cones, and colnn addr
tron ot nne-craned sediment compongnts

3 Om rhe contiental MATEHL, CNCepramn
the vicrairy ot 1 upper-slope mud lens be
tweer PSS ana 3678, sedunents tend o
hne downsiope.

1. The Peru-Chile Trench may not act as
A physicai barner to the seaward transport
ot suspended terrigenous silt-sized materual
south ot 7 SCbur turther study s needed to
fully detine the textural control exerted by
the trench,

KRRISER AND OTHERS

S AMargin samples trom the upper con-
tnental slope ~ LOOO 1m0 show no coher-
ent pattern ot aloag-margin tevrural
change However cmpies ttom the muddle
and lower ~ope borh Lindward and sea-
w. bot the Pera @ e drench do show o
viisIent o patieny s south-to-north e
taiad s S b cone margin changes
metedt o senth o Lot ung ot tae ten
weavas coont eras wdded by coastal v
ofs e to chatging Jontental chimarte,
Pty o ads s, anaieate south-to north
Lootoaons an the carrcn regime along the
[IRAR \h';‘t‘

6. The rapudiv accumulating upper-siope
mund lens, presenron the contiental margin
betweet: 10575 and 13 655 s related o the
high brological acthivity caesed by intense
coastal upweiling in that regron.

R-mode tactor anabyvsrs of mea-
surements made on 18 chemical species 1
cach sampie allows the geochemical
detimnor o1 sedimient provinees. Ternge-
nous scdimentanon i found along the con-
unental margn south ot about 14° and in
the Pert and Chile Basing seaward ot the
Peru-Chile Trench. Biogenous sedimenta-
aon s dommant above the CCD on the
crest of the Galapagos Rise and uther topo-
graphic highs. Hydrogenous, or authigenic,
sedimentatton s found well seaward of the
Pern-Chile Trench, but landward or the
crest of the Galapagos Rise, m oan area
below the CCD. Upwelline mfluenced
cediment it on o ocated dlong the continen:

b maren sordh of about 1e0s,

ACKNOWLEDGMENTS

Thie ~tady has benefitted considerably
fromy ntormad discussion with colleagues
actively nvoived i the study of other -
pects of sedimentation on the Peru-Chile
conimental margim and the Nicca prate.
thes regard, we woula ke ta thark Wt
. Hueon, George Ho Kedier, Hooe |
Schrader, and Erwin Suess, Suess also cad
an carhier dratt of this manuscnptand noade
helptul sepgestions, We would ke 0w
siowledge the caued  saslance we e

onved trom Mark fo

Hower  chemicat
palvses s Rt WL R textuna s -
cos L Patnice A Prce analvse s or Caned
CaCor L and Carl v Lagerer phovehate
amanses . Stephen L RBatrem and Gosdon
R Hess moade construcinge ma cenenntd
retiew s of the nnuscnpL

Ihis wrudy has been supported by the
Othce ot Naval Research throagh coatract
Na0014-"6-C 0067 In addinon, we would

hke to thank Hovd McCov at Lamont-

Doherty Geological Observatory tor mak-
ing avatlable samples trom the southern
part ot the study area. These samples were
wllected through finanoal assistance pro-
vided by the Ofhce ot Naval Kesearch
through contract NOOOT3-75-C-0210 and
by the Nanonal Scence Foundation
through Grant OCE 7615049,

REFERENCES CITED

Ade-Halll | J.0 1976, Underway curvevs, leg 34,
i Yeats, RS Har, SO K, and others, I
ntial reports of the Deep Sea Dnlhing Project,
Yolume 34 Washington, D.C., US G-
erninent Printing Ofhee. p. 163 =181

Berger, W'. H., 1974, Deep-sea sedimentaton, i
Burk, C. A, and Drake. € 1., eds.. The
geology ot continental margins: New York,
Springer-Verlag, p. 213- 24)

Blackman, A, and Somavajulu, B.1. K., 1966,
Pacihe Pleistocene cores: Faunal analvses
and geochronology- Science, v. 154,
p. 886 - 889,

Brink, K. H., Halpern. D, and Smuth, R L,
1978, Circulation m the Peruvian coastal
upwelhing svstem near 15%8 {abyl: EOS

American Geophyacal Unton Transac-
tons , v. 39, p. 1103,

Cronan, DS, 1973, Authigenic minerals in
deep-sea sediments, m Goldberg, E. Do ed.,
['he sea, Volume §: New York. John Wilev
& Sons, poAYL-528.

DeMuaster, ., 1979, The marine pudgets of silica
ana 81 [Ph.) thesis]: New fHaven. Con-
aecticut, Yate Umiveran, 30% p.

Dymond, |, and Coriss, |- B 1980, Part 11
Chemical composition ot Narca plate sur

o sediments ool Societs of

America Map and Chart Seres MC-340
press .

tattrenn, S Lo and Fwing, MY T Suspenaed
particutate matter n the deep waters of the
North Amernica Baan, o Gordond AL L, ed
Studies o phvacal oceanography, ol
ume I New York, Gordon & Breacr o
121167

Ewing, M., and others. 197 10 sequment taasport
and Jdatniution nothe Nrgentnie e
farr o Nephelond Taver ana processes o
sedimentanior o Vhrens b M ed | Phvacs
e Cherrat ot the earth, Vorume 8 New
York, ivrcamon Press, poss o T8

Gl Ofivger 60 196 Climates Y 7 man oo
IO G senmentanaon mo fhe el e

Trev b Geologid Sactens of Amenca L
letn, v R p (8490 (880

Hono, S 19700 Coccolithe: Production, teans

portation, and sedmentanion. Marme M-
cropaivontofogy, v b poas Ty

amson, A M 197TR The chmate of Peru

Rolna, and Ecuador, o Schwerdrteper, W
ca . World Surves of Chmatoogy ¢ lmates
ot Cenrral and Sewth Amernca, Volame 17
New York, Elsevier Scentifie, po 147 21N

Komar, 1N DL and Midler, ML tom: Ty
threshold of sedment mevenent under ox
cllatory water waves fournal ot Sedimen
fany Perrology, v 43, p 1i01- 1110

Nutm, L. D, and others, 19740 Tianser ot Narca
Hidee pelagic sediments 1o the Peru cont:
acental margin: Geological Socienn ot

[
+
K




T

SURFACE

Amerxa Bulletn, v. 85, p. 769 -780.

Lonsdale, P., 1976, Abyssal circulation ot the
southeastern Paciic and some geological
implications: Journal of Geophysical Re-
search, v. 81, p. 1163 -1176.

Mammerickx, J., and Sauth, 5. M. 197K,
Bathymetry ol the southeast Pacihe: Geo-
logical Society of Amenca Map and Chant
Series MC-26, scale 1:6,442,194 at
equator.
Mason, B., 1966, Principles of geochemntry:
New York, John Wiley & Sons, 329 p.
McCave, 1. N, 1972, Transport and escape of
fine-graned sediment from shelf areas, m
Swift, D.J.P., Duane, D. B.. and Pilkey,
O. H., eds., Shelf sediment transport:
Stroudsburg, Pennsylvama, Dowden,
Hutchinson & Ross, p. 225 - 248,

McMurtry, G. M., and Burnetr, W. C., 1975,
Hydrothermal metallogenesis in the Bauer
Deep of the southeastern Pacific: Nature,
v. 254, p. 42-44

Molina-Cruz, A., 1978, Late Quaternary oceanic
circulation along the Pacific coast of South
America [Ph.D. thesis|: Corvallis, Oregon,
Oregon State University, 246 p.

Ninkovich, D., and Shackleton, N. J., 1975, Dis-
tribution, stratigraphic position and age of
ash layer “'L,” in the Panama Basin region:
Earth and Planetary Science Letters, v. 27,
p. 20-34,

Packard, T. T., and others, 1978, Nitrate reduc-
tase activity 1n the subsurface waters of the
Peru Current: Journal of Marine Research,
v. 36, p. 59-76.

Pierce, J. W., 1976, Suspended sediment trans-
port at the shelf break and over the outer

SEDIMENTS, PERU-CHILE CONTINENTAL MARGIN 331

margin, o Stanley, 1. )., and Swift, D.).P.,
eds.. Marine sediment transport and en-
vironmental management: New York,
Wiley-Interscience, p. 437 - 458.

Prince. R. A., and Kulm, [. D, 1975, Crustal
rupture and the ymnation of imbricate
thrusting in the Peru Trench: Geological
Society of America Bulleun, v. 86,
p. 1639-1653.

Prospero, J. M., and Bonatn, E., 1969, Continen-
tal dust in the atmosphere of the eastern
equatorial Pacific: Journal of Geophysical
Research, v. 74, p. 136213371,

Rosato, V. J., Kulm, L. D and Derks, P. S,
1975, Surface sediments of the Nazca plate:
Pacihic Science, v. 29, p. 117-130.

Scheidegger, K. F., and Knissek, L. A., 1978, Dis-
tingusshing between fluvial and eolian sed-
iment sources off Peru and Chile [abs.}):
EOS (Amencan Geophysical Umon Trans-
actions), v. 59, p. 1114,

Scholl, D. W., and others, 1970, Peru-Chile
Trench sediments and sea-floor spreading:
Geological Society of America Bulletin,
v. 81, p. 1339-1360.

Schrader, H. J., 1970, Fecal pellets: Role n
sedimentation of pelagic diatom - Science,
v. 174, p. $5-57.

Schweller, W. J., and Kulm, 1.. 17., 1978, Deposi-
nional patterns and channelized sedimenta-
non n active Eastern Pacific trenches, m
Stanley, D). )., and Kelling, G., eds.,
Sedimentation In submarine canyons, fans,
and trenches: Stroudsburg, Pennsylvania,
Dowden, Hutchinson & Ross, p. 311-324.

smuth, R. L., 1968, Upwelling: Oceanographic
Marine Biology Annual Review, v. 6,

p. 11-46.

Summerhayes, C. P., and others, 1976, North-
west African shelf sediments: Influence of
chimate and sedimentary processes: Joumnal
of Geology, v. 84, p. 277-300.

Thiede, )., and others, 1976, Setthing tubes for
wize analysis of fine and coarse fractions of
oceanic sediments: Corvallis, Oregon,
School of Oceanography, Oregon State
University, Ref. 76-8, 87 p.

Trask, P. D., 1961, Sedimentation in a modern
geosynchine off the anid coast of Peru and
northern Chile, » Sorgenfrei, T., ed., Re-
port of the 21st session: International
Geological Congress (Part 23 of Proceed-
ngs of the Internauonal Association of
Sedimentology, Copenhagen), p. 103-118.

Yeats, R. S., Har, S. R, and others, 1976, Initial
reports of the Deep Sea Drilling Project,
Volume 34: Washington, D. C., U.S. Gov-
ermment Printing Office, v. 34, p. 81-153.

Zen, E-An, 1959, Mineralogy and petrography
of marine bottom sediment samples off the
coast of Peru and Chile: Journal of
Sedimentary Petrology, v. 29, p. 513-539.

Zuta, S., and Guillen, O., 1970, Oceanografia de
las auguas costeras del Peru [Oceanography
of the coastal waters of Perul: Instituto del
Mar del Peru Boleun, v. 2, p. 161-323.

MANUSCRIPT RECEIVED BY THE SOCIETY MARCH
16, 1979

REVISED MANUSCRIPT RECEIVED OCTOBER 25,
1979

MANUSCRIPT ACCEPTED OCTOBER 31, 1979

Prnled MU S A

e oy .

D A




Deep-Sea Rescarch, Vol. 27A, pp. 783 to 197 0195 0149 80 1001 0783 SO2.000
¢ Pergamon Press Ltd 1980, Printed in Great Britain

On the intermediate particle maxima associated with
oxygen-poor water off western South America

HasoNG Pak*, L. A. Copispomit and J. RoNALD V. ZANEVELD*

(Received 6 September 1979, in revised form 31 March 1980, accepred 29 April 1980)

Abstract  The distribution of suspended particulate matter was measured during 21 May and 18
June 1977 between 4 and 23 S from the coast of South America to about SO0 nautical miles offshore.
A well-defined maximum was observed over the continental margins at depths of about 200 m
between ~ 9 and 23 S. At 4 S, the main particie maximum was at approximately 400 m, but in the
nearshore zone the maximum extended upwards to ~ 200 m. A comparison of the particle and
chemical data shows that the particle maxima are usually at approximately the core depth of the
oxygen minimum layer. A nitrite maximum and a nitrate minimum were also observed at or near
the particle maximum core depth south of ~ 9 S. Near 4 S_ a weak nitrite maximum was observed
within the oxygen minimum layer at some stations. The protein distribution near 15 S suggests that
the material in the particle maximum contains significant amounts of organic matter.

The distribution of the particle maximum layer between 9 and 23 S and its relations to the density
field and the cross-shelf flow suggest that most of the particles co:1d originate in the bottom waters
over the outer continental shelf and be transported offshore in a quasi-horizontal path.

Offshore particle transport near the equator is prabably supported by a westward current oft
northern Peru between and under the eastward extension of the Equatorial Undercurrent and the
Subsurface South Equatorial Countercurrent. However, the source of the particles in this ~ 400-m
maximum has not been determined.

INTRODUCTION

THE HIGH primary production rates supported by coastal upwelling lead to high subsurface
respiration rates in the coastal zone off the west coast of South America (CopispoTi and
PackarD, 1980). and some of the inflowing subsurface waters are deficient { ~ 0.5 ml [ " !}in
oxygen (BarBer and HuYEeR. 1979). Consequently. it is not surprising that large bodies of
ovygen-poor { <0.25 ml 17') waters are found in the region and that within the volumes,
there are oxygen-deficient (O, < ~0.1 ml1™') zones where nitrate reduction and
denitrification produce secondary nitrite maxima and nitrate minima (WoosTer, CHow and
Barrett, 1965: Cobispoti and Packarp, 1980). Despite this knowledge. the exact
mechanisms that contribute to the formation and variability of the oxygen-poor regimes
are not yet well understood.

The suspended particulate matter in the open ocean is often distributed with maxima in
the surface layer and bottom water with clear water in between, but over continental
margins, one or more intermediate maxima are frequently encountered. High

* School of Oceanography, Oregon State University, Corvallis, OR 97331, U.S A.
t Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, ME 04575, US.A.
Contribution number 80005 from the Bigelow Laboratory for Ocean Science.
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concentrations are usually found throughout the euphotic zone, but a more intense
maximum is often observed within the surface layer: it is usually accompanied by high
concentrations of chlorophyll and oxygen. The maximum in bottom waters (bottom
nepheloid layer) is related to boundary effects because particles may be either resuspended
from bottom sediments or maintained in suspension by bottom stresses. On the continental
shelf off Oregon. bottom nepheloid layers were highly correlated with bottom mixed layers
(PaKk and ZANEVELD, 1977).

In the surface layer the particles are organic matter photosynthetically produced in the
euphotic zone and terrigenous particles brought into the water by streams and winds. Some
of the particles introduced into the surface layer are later found in bottom sediments and
in the bottom nepheloid layers. The transfer of the particles from the surface layer to the
bottom is not well understood. Mainly because particles in suspension and in sediments are
small (0.5 to 40 um diameter), the settling of single particles is not rapid enough to account
for the observed distributions of particle properties in the sediments. Thus, increased
settling rates by means of particle aggregation have been proposed by REx and GOLDBERG
(1958) and McCave (1975), among others, to account for the similarity in species at the
surface and in the sediments.

In this paper we describe two intermediate particle maxima that we observed off Peru.
and we propose a process for the formation of the ~ 200-m maximum that we observed
between 9 and 23°S. The mechanism is based on spm (suspended particulate matter).
oxygen, nitrite, nitrate, protein and hydrographic observations and it suggests that the
‘rain’ of organic matter from the surface waters is less important than the subsurface
horizontal offshore transport of spm from the bottom nepheloid layers over the shelf and
upper slope. Our study of the particles and chemical parameters also sheds additional light
on the circulation features that influence the horizontal and vertical distributions of the
oxygen minima and nitrite maxima.

METHODS

In situ optical instruments measuring either light scattering or beam transmission are the
most common devices used for obtaining continuous vertical distributions of suspended
particulate matter in the ocean. PETERSON (1977) studied the linear correlation between the
beam attenuation coefficient and suspended particulate mass concentrations for waters on
the continental shelf off Oregon and obtained a correlation coefficient of 0.91. We used a
beam transmissometer during 21 May and 18 June 1977 on R.V. Wecoma to measure the
vertical distribution of suspended particulate matter off Peru between 4 and 23°S (Fig. 1).
The transmissometer was developed by the Optical Oceanography Group at Oregon State
University ; it uses a light emitting diode with a wavelength of 660 nm as a light source. A
porro prism produces a 1-m folded light path. With proper calibration and careful
operation the instrument provides data with an error of less than 0.5°;, transmission. A
similar instrument with a 25-cm path length was described in BARTZ, ZANEVELD and Pak
(1978). In this paper, our references to the concentration of suspended particulate matter
are based solely on light transmissometer data.

The chemical samples we will refer to were collected from the R.V. Melville between
4 and 25 May 1977. Nitrate, nitrite, and dissolved oxygen concentrations were determined
using the techniques described by HarrerTy, Copispott and Huver (1978). A suite of
sections from the Melville cruise has been published by HarrerTy, Lowman and CobispoTt
(1979).
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Fig. 1. Location of the Weloc 77 stations where optical measurements were made.

RESULTS

A well-defined particle maximum layer (light transmission minimum) was observed at
depths of approximately 200 m at 9 and 23'S. In the section at 9 S (Fig. 2). the particle
maximum layer thickness (as defined by the 63%, isopleths) decreased in the offshore
direction from 175 m on the outer shelf at Sta. 47 to less than 100 m over the offshore side
of the coastal trench at Sta. 49. The layer was absent at Stas 13 and 14 in the Peru Basin
about 1000 km from the Peruvian Coast (Fig. [), but it was present in the inshore region
near 23S (Fig. 7). North of Stas 13 and 14 the maximum may extend far offshore because
the nitrite maximum with which it is associated (see below) extends out to 90 W near 15 S
(WOOSTER ¢t al., 1965).

Along the section near 4'S, the particle maximum layer extended from a depth of
approximately 200 m to 500 m near the coast, but it was best developed at approximately
400 m (Fig. 3). The 400-m maximum extended 600 km from the coast to our westernmost
station. South of the well-developed 400-m maximum, a weak maximum was found at
depths ranging from 350 to 500 m, except at Sta. 34 where it was intense (Fig. 7). Light
transmission profiles at Stas 13 and 14 (not shown in this paper), about 1000 km offshore,
also showed a weak maximum at about 400 m. Thus, the maximum at about 400 m was
present at all of the transmissometer stations, extending to about 1000 km offshore. but its
maximum intensity was near the equator.

During the JOINT-I1I experiment, chemical and biological observations were made in
the coastal upwelling area off Peru during R.V. Melville Leg 1V (4 and 25 May 1977). The
measurements were concentrated along sections near 5°S (‘P’ line), 10°S (*H' line) and 15°S
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Fig. 2. Distribution of light transmission in a section at approximately 9 S. The section extends
from the outer shelf to the axis of the Peru Trench.
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(*C” line) (Fig. 1). Representative oxygen, nitrate, and nitrite distributions (Figs 4 10 6)
show a relation between the ‘cores’ of the oxygen-poor zones and the suspended particulate
matter maxima. As oxygen-poor (<0.2 ml ~!) water extends more than 2000 km along
the west coast of South America and as the layer is 200 to 400 m thick, we can assume that
the ‘core depths’ of the oxygen-poor zones do not change drastically in a month.
Measurements atong the *C’ line were repeated many times before and during R.V. Melville
Leg IV, and the results indicate that the assumption is reasonable (HAFFERTY et al., 1979).

The oxygen minimum layer was well defined in all three sections (Figs 4 to 6). During
R.V. Melville Leg 1V, meridional changes in oxygen distribution occurred mainly in the
upper 200 m: the concentration of dissolved oxygen in the upper water increase toward the
north (Fig. 4). There was an intermediate oxygen maximum at about 150 m on the ‘P’ line
(near 5 S) while the oxygen-poor water was sometimes less than 50 m from the sea surface
on the ‘C’ line.

There was a well-defined nitrite maximum and nitrate minimum approximately at the
core depth of the oxygen depleted water on the *C’ line (Fig. 6). Here, the oxygen-depleted
water was more than 300 m thick, and its core was not precisely defined. The nitrite
maximum and nitrate minimum water on the ‘C’ line were at about the same depth as the
particle maximum (Fig. 7). From the above associations, a significant relation between
the distributions of the chemical variables and the particle maximum is expected.
Unfortunately. we have both chemical and optical data only near the ‘P’ and the *H’ lines,
not at the ‘C" line. However, Dr. Kullenberg of the University of Copenhagen made light
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Fig. 4. Oxygen and nitrite in the (a) *C" line (Fig. 6, near 15 S) and (b) ‘H" line (near 10°S). The
oxygen profiles are determined by the envelope of all the data in the section.
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line (near 4 S} and light transmission profiles from three stations in the section near 4 S. A few

oxygen concentration values larger than 1.4 ml] ! near 200 m are not included in the figure
because the intermediate oxygen maximum is defined without them.
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scattering observations on the 'C’ line during R.V. Melville Leg 1V (Fig. 8) and kindly
provided us with his light scattering data. They are particularly valuable because the nitrite
maximum is best defined at the *C’ line, where we were unable to make light transmission
measurements. Vertical profiles of light scattering around 20°S from the direction of the
forward light beam in the red, f,,-red, shows a well-defined particle maximum at 200 to
250 m with a layer thickness of about 200 m (Fig. 8). The presence of a particle maximum
at the cores of low oxygen, nitrite maximum, and nitrate minimum water on the ‘C” line is
thus verified.

A comparison between the ‘C” line near 15°S and the ‘H’ line near 10'S reveals significant
meridional variations in the chemical distributions while little meridional variation in the
particle maximum occurs. The nitrite maximum and nitrate minimum, well-defined at the
*C” line near 200 m, tended to dissipate toward the north. The maximum intensity of the
nitrite maximum at the ‘H’ line, for example, was less than 20%, of that at the ‘C" line
(Fig. 4), and it was not discernible at the ‘P’ line (no figure is presented). On the ‘P’ line
there was a weak offshore nitrite maximum (CobispoTi and PACkArD, 1980), which was
more or less coincident with the well-developed 400-m particle maximum (Fig. 3). South of
the ‘P’ line no significant vertical structure of nitrite and nitrate was found to correspond to
the weak particle maximum near 400 m.
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Fig. 7.

locations are shown in Fig. 1. The light transmission profile from Sta. 50 is added for comparison.

Fig. 8.
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While the meridional variations in chemical variables can be at least roughly determined
from changes among the three sections, a similar discussion of the suspended particle
distribution is not possible because a quantitative comparison between ff,,-red on the *C”
line and light transmission on the *H™ and "P" lines is not possible. Nevertheless, we tooked
for meridional variations in the ~ 200-m particle maximum among a few stations scattered
over the wide area shown in Fig, 1. The particle maximum was present at every station
between ~9 and 23 S over the continental margin at depths varying from 140 to 220 m
(Fig. 7). Kullenberg’s data (Fig. 8) also show the particle maximum on the *C” line. Thus,
we are inclined to believe that the particle maximum has a greater longshore extent than the
secondary nitrite maximum. However, the particle maximum is weak ncar the Peru Chile
border (Stas 16. 21, and 24).

DISCUSSION

The intermediate particle maximum in relation to biological processes

An indirect indication that the 200-m particle maximum contains relatively large
amounts of organic matter is found in the distribution of protein. observed during the
Melville Leg 1V- 77 cruise: a protein maximum was observed to coincide with the nitrite
{GARFIELD, PACKARD and CobptspoTl, 1979) and particle maxima. The few available data
suggest that there may also be a respiration rate maximum - <ociated with the maxima
(T. T. PackaRD, personal communication). and if such a feature does exist it would help to
confirm our suggestion that there is a significant organic component in the maximum.

The association of both the 200- and 400-m particle maxima with oxygen-deficient
waters where much of the breakdown of organic matter might be expected to occur through
the activities of bacteria raises an interesting question. Does the reduced zooplankton
activity one would expect in the oxygen-deficient zones contribute to the maintenance of
the particle maxima by preventing the ‘repackaging’ of small particles into rapidly sinking
fecal pellets?

Particle transport

South of about 9 S the suspended particulate matter and nitritc maxima have tongue-
shaped patterns with their bases over the outer shelf and upper slope (Figs 2 and 6b). The
nitrate minimum shows a similar pattern (Fig. 6b). The oxygen minimum layer shows little
or no tendency to be tongue-shaped. but this should be expected. because oxygen
concentrations are zero or nearly zero over a relatively thick layer in which further
respiration must be manifested in nitrate and nitritec changes rather than changes in oxygen
content. The distributions demonstrate that several characteristic propertics of the bottom
water over the outer shelf and upper slope are found in the tongue-shaped intermediate
particle maximum south of 9 S: furthermore, the intermediate particle layer is shown to be
connected to the bottom water (Fig. 2). The characteristic properties include high
concentrations of suspended particulate matter and nitrite and low concentrations of
oxygen and nitrate. The distributions of the properties therefore suggest that the water and
its properties could be transported offshore from the shelf edge along a quasi-horizontal
path (Fig. 9).

In addition to the connection between the shelf waters and the intermediate layer shown
in the distributions of properties (Figs 2 and 6). there is other evidence for a horizontal
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Fig. 9. Diagram of the offshore particle transport based on the characteristic distributions of
suspended particles and chemical parameters within the oxygen minimum layer.

offshore transport of the bottom water over the outer shelf. For example, measurements by
means of a vertical profiling current meter along the “C’ line during April 1976 (vaN LEER,
personal communication) indicate a net offshore flow in the bottom water over
the shelf and upper slope. In addition, poleward subsurface currents have been observed by
moored current meters over the shelf and upper slope near the *C” line during 11 May to 30
June 1976 (BriINk, ALLEN and SMITH, 1978) and near 5 S latitude during 3 April to 18 May
1977 (BrockMan, FanrBack and Urouizo, 1978). Isopycnals bending downwards toward
the coast (Fig. 6) also suggest poleward subsurface currents (BRINK ¢t al.. 1978), and the
bottom Ekman transport that should arise from this subsurface poleward flow would
produce an offshore transport of bottom water over the shelf and upper slope. An offshore
flow is, of course. consistent with the offshore transport of suspended particles.
Intermediate nepheloid layers similar to those off Peru have been observed over the
continental shelf off Oregon, and they were also interpreted to arise from offshore advection
of bottom nepheloid layers on the shelf (Pak and ZANEVELD, 1978).

Based on the above arguments, the generation of the 200-m particle maximum can be at
least partially explained by a horizontal offshore transport from the shelf edge. The
horizontal spreading of particles could arise from turbulent transport or advection or both.
As horizontal scales of diffusion are much larger than vertical scales, and as a large particle
source exists at the shelf edge, turbulent transports alone could account for the 200-m
particle maximum.

Suspended particles in the ocean also settle through the water column. Thus, we have to
consider the process of particle settling from the surface water as an alternative mode of
intermediate particle maxima formation. Vertical settling is often assumed to be the major
process of particle transport in .he ocean (REx and GOLDBERG, 1958 McCavE, 1975), but
vertical settling alone cannot readily account for many of our observations. The waters
above and below particle maxima are relatively clear, indicating that direct settling of
particles has a minimal effect on their formation. If a maximum is to be formed by settling
alone, settling velocities of most of the particles would have to be reduced at the same depth
after they quickly settle through the clean water above the maximum, an unlikely
possibility, particularly in the 200-m maximum where the stability is relatively low (BARBER
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and Hover, 1979) Furthermore. because the entire water column is stratified. settling
veloetties below the maxima should be even less than within these features. Ap increase in
turbulence below the particle maxima cannot reduce particle concentration in the turbulent
layer because turbulence merely makes the layer homogencous by mixing. Thus, it is
difficult to envision how setthng alone could produce the clean water found below the
maxima. Because zooplankton and tish populations may increase below the oxygen-
deticient zones that are comedent with the maxima under discussion, it is possible that
aggregation .. fecal pelles) of particles below the particle maxima would create an
mcrease i mean sinking rates and thereby contribute to a situation in which increases in
setthng rates by aggregation could produce a particle maximum. However, the mechanism
showdd produce a masimum centered near the bottom (~ 350 m) of the oxygen-poor
(O, < 02mbl by 4 and 6a) zone. and south of 9 S the main particle maximum is
aboyve this depth

Direct setthing 1o the bottom osver the shelf and upper slope may play an important role
in the formation of particle mavima  Charactenstic properties of particles in the bottom
sediments are often well correlated with those in the surface water over the sediments. To
orercome the difticulty of slow setthing by individual parucles in explaining the correlation
hetween bottom sediments and suspended  particles. McCave (1975) proposed rapid
setthing of particles as fecal pellets. Thus, fecal pellets may play an important role in
carrying organic matter from the surface water to the bottom water over the shelf. Bottom
nepheloid layers are ubiquitous on the continental shelf off Oregon (Pak and ZAaNEVELD.
1977) and our observanons over the Peruvian shelf also indicate extensive bottom
nepheloid layers. One exception was found in the regron near 23 S (Stas 16, 21, and 24),
where the bottom nepheloid layers were conspicuously weak. We speculate that fecal
pellets are broken mto small individual parucles after they reach to or near the bottom over
the shelf and upper slope. and then the small particles enter the bottom nepheloid layer by
turbulence of the bottom water.

Meridional variations

The decrcase in the nitrite maximum and nitrate minimum from the *C” line to the "H’
line may be accounted for by an increase in oxygen supply in the upper 160 m. Oxygen
distributions in the "H’ line show that oxygen concentrations in the bottom water over the
shelf edge are often more than 0.2 ml 1 . As dissolved oxygen is still available in the
bottom water over the shelfl edge. extensive denitrification should not occur (RICHARDS.
1965). In contrast. the upper boundary of the oxygen-deficient water for the *C line is often
at about 50 m (Fig. 4). In the "P" line (Fig. 5). the thickness of the oxygen minimum layer is
reduced by approximately 50", and its core depth decpens by approximately 200 m
compared to that in the ‘C’ line (Fig. 4a). The increase in oxygen concentrations in the
upper 200 m at the ‘H' and the *P’ lines are probably due to intrusions of the Equatorial
Undercurrent (Pak and Zaneverp, 1974; Love, 1972), the South Equatorial Subsurface
Countercurrent (Tsuchiva, 1975), or both. Neither the Equatorial Undercurrent nor the
South Equatorial Subsurface Countercurrent is precisely defined over the continental
margin off Peru, but intrusions of water with relatively high oxygen concentrations should
be anticipated from these two eastward currents which have been defined to the west of
86 W. As the two currents transport water with relatively high oxygen concentrations
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castward at depths of 100 to 200 m, feedings of such water into the shelf bottom water
would explain the northward increase of oxygen concentration over the shelf.*

According to WOOSTER ¢t al. (1965), the secondary nitrite maximum between 10 and 25 S
is associated with a water mass of narrow range in temperature, salinity, and specific
volume. Based on the relation between secondary nitrite maximum and water mass
characteristics, they suggested a prevailing southward subsurface flow within the feature.
This would explain the nitrite maximum as an accumulation of the chemical element on the
downstream side of 10'S. The temperature and salinity values of the particle maximum
at ~4'S are 9.5 C and 34.50%,, (about 400-m depth), and at 13'S they are 1262 C
and 34.68%,, (about 200-m depth). The two regions are thus not directly related
hydrographically and the features at 200 and 400 m are probably in separate flow regimes.

While we have explained the meridional variations in the secondary nitrite maximum
between about 10 and 15 S by the meridional oxygen variations, we tacitly assumed that
the offshore transport described in the previous section does not vary meridionally. This is
because the variation of the 200-m particle maximum between Stas 11 and 50 (Fig. 7)
appears to be rather small in spite of the variations in chemical properties.

The different meridional variations in chemical properties and particle concentration
associated with the oxygen minimum water are not incompatible. Offshore transport of
water is conceivable at the "H’ line as well as at the ‘C” line, based on the presence of the
intermediate particle maximum. Consequently, the particle concentration in the maximum
could be relatively homogeneous meridionally. Chemical properties of the water associated
with the maximum vary however, because the bottom water over the shelf edge cannot be
associated with increased nitrite concentrations until oxygen is depleted. As a result,
oxygen concentrations in the 200-m maximum decrease and nitrite concentrations increase
as one proceeds south from about 10 S (downstream), even though there may be little
change in suspended particle concentrations.

The particle maximum near 400-m depth

In the section near the *P” line, the vertical distribution of suspended particles (Fig. 3) is
quite different from that in the section near the *H’ line (Fig. 2): near the ‘P’ line the particle
maximum was spread between depths of about 150 to 500 m within 200 km of the shelf
edge (out to Sta. 75). and further west a well-defined particle maximum was only found
near 400 m. Maximum values of the particle concentrations were generally lower than
those in the intermediate maximum further south and a weak nitrite maximum was only
found in the offshore portion of the particle maximum (CopispoTt and Packarp, 1980).
Besides the difference in depth, the 400-m particle maximum differed from the 200-m
maximum in its horizontal distribution : the 400-m maximum was well developed only in
our 4 S section. It was weak in the other regions (Figs 3 and 7), but despite its weakness
away from 4 S, the 400-m maximum may be more extensive than the 200-m maximum.

The spatial variations, found in the horizontal distributions of the 400 and the 200-m
maxima, might be related to the large scale circulation. For example. moored current meter
observations over the upper slope regions show a long-term mean current directed toward
the south in the upper 50 to 300 m below the thin surface drift. and this flow tended to

* Because the feeding points of the two walers may be separated by a few degrees. it is not clear that the increase
to the north is monotonic as our data suggest. There could be. for example. a decrease in oxygen concentrations
between about 5 and 10 S.
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Fig. 10. Distribution of sigma-t observed during the Weloc 77 cruise in a section at
approximately 4 S.

decrease with depth to become a zero or northward flow near 250 to 400 m (BRiNK ¢t al..
1978 . BROCKMAN et al., 1978). If the mean current is toward the north at 400 m. the
westward extension of the 400-m maximum near the equator can be interpreted as the
westward transport of suspended particles by counterclockwise turning of the northward
deep current near the equator. Such a current could explain the westward transport but not
the source of the particulate matter. The source of the 400-m maximum remains to be
identified. The particle distribution near 9 S (Fig. 2) which is upstream of the maximum at
4 S, shows no indication of a particle source near 400 m. In addition. the equatorward
bottom current, at 400-m depth. will cause the bottom Ekman transport to be directed
toward the shore rather than offshore. Because of these factors and because the stations
near 4 S are not close enough to shore to establish the connection between the 400-m
maximum and the bottom nepheloid layer over the shelf. we cannot establish the initial
source of the particles in the maximum.

The 400-m maximum was approximately at the bottom of a relatively strong density
gradient (Fig. 10). The gradient layer was well defined on the offshore side of the section,
but it weakened considerably at the nearshore station (Sta. 80). Within about 300 km of
the coast, the concentration of suspended particles was relatively high in the wate « ibove
400 m. Beyond 300 km the 400-m particle maximum became clearly defined. Becav.e we
cannot identify a likely nearshore particle source for the 400-m particle maximum and
because it is associated with a stability maximum, we cannot exclude the possibility that it
arises largely from vertical processes.

REiD (1965) described the large-scale westward cxtension of oxygen-poor water
(O, < 0.25 ml | '} in the eastern tropical North Pacific as a ‘dead area’ bypassed by the
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California and North Equatorial currents, and he emphasized that the Jobe pattern of the
oxygen minimum does not require a flow in a similar pattern. If horizontal processes are
important in producing the offshore extensions of the 400-m maximum. the oxygen-
depleted water extending westward in the eastern equatorial South Pacific probably cannot
be described in the same way. Instead it may be associated with the westward transport of
suspended particles. In other words. the suspended particle maximum near 4 S was in the
oxygen minimum water, and their concurrent existence suggests offshore flow of the
oxygen-poor water. Because the particle maximum at the westernmost station (Sta. 68) was
well developed, and because the horizontal distribution of oxygen-poor water in the area
shows a branch extending over 3000 km westward (REID, 1965: TsucHiva. 1968), the
particle maximum may also extend further west.

As already described. the 400-m particle maximum occurred in a layer of water with a
maximum density gradient. No such density gradient was associated with the 200-m
maximum. Such a large density gradient was limited to near 4 S during the Weloc 77 cruise,
but it was observed more extensively during 23 July 10 16 August 1976 (Huver. GILBERT,
ScHramM and Barstow, 1978a) and during 4 March to 22 May 1977 and 5 April to 19 May
1977 (HuYer et al., 1978b). However, it was not observed at every station, suggesting
spatial and temporal variations.

The incidence of the particle maximum and the maximum density gradient at the same
depth suggests they are interrelated. In particular, the fact that the 400-m particle
maximum is well developed only in the equatorial regions where the density gradient
maximum is strong. may be significant.

We are leaving two unsolved problems concerning the 400-m particle maximum. (1) the
mode of generation of the maximum and (2) the exact relation between it and the maximum
vertical gradients in hydrographic parameters and biological processes, for future studies.
Both problems appear to be important considering the spatial and temporal scales of the
particle maximum.

CONCLUSIONS

1. A well-defined 200-m particle maximum observed off western South America may be
formed largely by quasi-horizontal transport (advective, diffusive. or both) of a bottom
nepheloid layer.

2. The 200-m particle maximum is associated with vertical extremes in dis<olved oxygen.
nitrate, nitrite and protein.

3. The 400-m particle maximum that is best defined in the equatorial region is assoctated
with a maximum in vertical temperature and density gradients and is sometimes associated
with oxygen minima and nitrite maxima.

4. Due to the apparent lack of a nearshore particle source, the 400-m particle maximum
cannot easily be explained by the same quasi-horizontal process that appears to explain the
200-m maximum.
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Description and occurrence of macrourid larvae and juveniles
in the northeast Pacific Ocean off Oregon, U.S.A.

DAvID L. STEIN*

(Received 18 March, 1980 in revised form | May 1980 accepted | May 1980)

Abstract—Although there are over 100 species of North Pacific macrourids, few of their larvae have
previously been identified to species. Descriptions of postlarvae and juveniles of Coryphaenoides
acrolepis, C. filifer, and C. leptolepis are given, with a provisional key to the identification of most
species known from off Oregon. Vertical distribution of the larvae and juveniles of C. acrolepis
apparently changes with ontogenetic development, the smallest individuals occurring shallowest.
Macrourid eggs have not yet been identified from Oregon waters.

INTRODUCTION

LARVAE and juveniles of a few species of North Atlantic macrourids have been described,
most recently by MERRETT (1978). Despite the presence of over 100 macrourid species in the
North Pacific, apparently there have been no descriptions of macrourid eggs, only two
descriptions of prejuveniles, and few references to identified larvae and juveniles. GILBERT
and BURKE (1912) described a new genus and species Ateleobrachium pterotum based on a
postlarval macrourid from off Kamchatka. Husss and Iwamoto (1977) described
postlarvae and juveniles of a new species of pelagic macrourid, Mesobius berryi, from off
southern California and north of Hawaii. SavvatimMskit (1969) discussed the relationship of
depths of occurrence to length of Coryphaenoides acrolepis (Bean) 1884 and seasonality of
spawning of C. acrolepsis and Coryphaenoides pectoralis (Gilbert) 1892. Novikov (1970)
discussed the early life history of C. pectoralis. Neither SavvaTiMskil nor Novikov (op. cit.)
described the larvae or supplied a reference to such descriptions. Judging by the lack of
information, MARSHALL’s (1965) comment about the lack of collected specimens of larval
macrourids applies particularly to the situation in the North Pacific Ocean.

This paper describes the macrourid postlarvae and juveniles collected by the School of
Oceanography, Oregon State University (OSU), off the Oregon coast since 1961. The
collections, made with a variety of net types during all seasons, contain 106 specimens of
young macrourids. The captures have been so infrequent that only recently has sufficient
material become available to allow identifications.

METHODS AND MATERIALS

Specimens from midwater were collected with 3.0-m and 1.8-m Isaacs-Kidd Midwater
Trawls (IKMT), 2.4-m IKMT-EMPS trawls with serial opening-closing cod ends

* School of Oceanography, Oregon State University, Corvallis, OR 97331, US.A.
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(PeEARCY, KRYGIER, MESECAR and RaMsey, 1977), modified Cobb trawl with EMPS cod
ends (PEARrcy, 1980), and 0.7-m bongo nets. Almost all the pelagic specimens were captured
between 80 and 145 km off Newport, Oregon. Juveniles and adults from bottom trawls
were from the collections described by IwaMoTto and STEIN (1974). Samples were preserved
at sea in 10%, buffered formalin-seawater solution and later transferred to 45%; isopropanol
for storage.

Head length was measured as the distance from the tip of the mandible in postlarvae and
the tip of the snout in juveniles to the posterior tip of the opercular flap. Other
measurements used are explained below.

Specimens were measured to the nearest 0.1 mm using an ocular micrometer or dial
calipers. Counts follow Iwamorto (1970). Terminology for life history stages follows Husss
(1943).

All larvae and juveniles examined and specimens of adults used for comparative purposes
are on deposit at the School of Oceanography, OSU.

Characters and terminology used for identification and description

Characters most useful in the study were premaxillary and dentary tooth patterns (useful
in juveniles but not in larvae), number of rays in the first dorsal and pelvic fins, number of
gas glands and retia, and pigmentation (Table 1). Pigmentation patterns proved most
useful in determining conspecificity of larvae.

The study was facilitated by the relatively low number of macrourid species known from
the study area (eight) and the availability of a recent review of those species (Iwamoto and
StEIN, 1974). The area considered by IwamMoTo and SteIN (1974) included the eastern North
Pacific from the Bering Sea to central California. Although it is possible that larvae of
species not occurring in the study area are carried into it by the prevailing currents, 1
consider it unlikely. Consequently, I initially assumed that larvae and juveniles captured off
Oregon were conspecific with species known to occur in the same area. Because of
differences in patterns of teeth in the jaws, number of swimbladder gas glands and retia, and
numbers of first dorsal fin rays and pelvic fin rays, some species are easily identifiable. A
complete developmental series was available for the least distinct species, C. acrolepis,
which otherwise could have been identified only tentatively.

Macrourid larvae may be pigmented externally (on the skin surface) or internally (within
myomeres, on myomeres, on the stomach or peritoneum, etc.). Internal pigment can be
diffuse or composed of distinct melanophores. The distinction between internal and
external melanophores may be difficult to make, as in ventral pigmentation of the stomach
and peritoneum ; the body wall is very thin and transparent ventrally; as a result, internal
pigment appears to be external. Preservation may change intensity of pigmentation,
although it does not appear to change pigment patterns. For instance, fresh specimens of
juvenile C. acrolepis are silvery, but after preservation, they become dull.

Differences in the ratio of head length (HL) to total length (TL) are difficult to express
because macrourids often lose some part of their tail when captured; the convention
ordinarily used to avoid using total length is to use head length as its analog. To quantify
the differences in relative body lengths among the three species described here, the
horizontal diameter of the pigmented eyeball was measured, then the distance from the
snout tip to the point on the tail where depth (exclusive of fin height) equalled eye diameter
was measured. This distance was then expressed as number of head lengths.

Numbers of gas glands and retia are useful in identification. It is possible to identify one
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species (C. pectoralis) solely by its possession of two gas glands. The swimbladder is present
and apparently functional at 1.5 mm HL in at least one species, C. rupestris (Gunnerus),
1765 (MERRETT, 1978). All specimens examined in the study were larger than 1.8 mm HL.
The swimbladder in postlarvae and juveniles is easily reached through an incision in the
side of the abdominal cavity, and its careful examination or excision results in little damage
to the specimen.

For purposes of description here, the transition from larva to juvemle is called
metamorphosis ; it seems to be rapid, and there is only a small difference in head lengths
between premetamorphic and postmetamorphic individuals of both C. acrolepis and
C. filifer (Table 1). The most important morphological change at this time is the loss of the
pectoral fin peduncle and appearance of the adult pectoral fin form. Simultaneously, the
mouth, formerly at a distinct angle, becomes horizontal, the snout becomes distinct, and
the stomach is reduced in prominence, decreasing the depth of the posterior part of the
trunk. Stomach prominence may be a function of feeding habits. Larvae are commonly
found with the stomach crammed with food, but juveniles are not. The phenomenon may
be a partial cause of the very different appearances of larvae and juveniles.

RESULTS AND DISCUSSION

Larval diagnosis and development

Coryphaenoides acrolepis (Fig. 1). This is the only species examined of which a complete
developmental specimen series was available. The characters most important in
identification were number of first dorsal fin and pelvic fin rays, number of gas glands, and
presence of rostral scutes in juveniles greater than about 16 mm HL (Table 1). Pigment
pattern enabled definite determination of conspecificity of small individuals Jacking rostral
scutes with larger specimens having them. All 78 individuals examined have a distinctive
pigment pattern in which the entire body is internally or externally pigmented except the
last part of the tail, which abruptly becomes internally unpigmented. The fraction of the
body that is pigmented is quite consistent; HL represents 27.8 to 34.2°, of the pigmented
length (PL). The fraction does not vary with size of individual. A linear regression of HL
versus PL is highly significant (HL = 0.08 +0.30 PL: r? = 0.97). The distinct character,
seen in juveniles and in the smallest individual studied (1.8 mm HL), is unaffected by period
of preservation and is clearly not a preservation artifact.

As in all known macrourine larvae, a peduncular pectoral fin is present and well
developed. It disappears between 9.4 and 9.8 mm HL, at which time the ‘normal’ adult
pectoral appears. All other fins have their full complement of rays by 3.8 mm HL.

1.8 mm HL (Fig. 1A)

Individuals of this size may be recently hatched; ripe eggs of C. acrolepis are at least
2.0 mm in diameter (observations of STeiN and Pearcy). The dorsal and anal fins are not
developed ; the pelvic fins are well developed. Stellate chromatophores form a bilaterally
symmetrical patch on the frontal region of the head; the lower jaw is completely but
sparsely pigmented. Very small, scattered melanophores occur along the bases of the dorsal
and anal finfolds; they are especially noticeable on the posterior part of the caudal region.
Extensive internal pigmentation is present within the myomeres and on the peritoneum.
Myomeric pigment is absent from the posterior part of the tail.
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Fig. 1. Coryphaenoides acrolepis. A: 18 mm HL:B: 38 mm HL:C:6.7mmHL:D:9.8 mm HL:
E: 12.5mm HL.

3.8 mm HL (Fig. 1B)

Frontal pigment has increased and become divided into two similar ovai patches, one on
each side of the head. The lower jaw is pigmented except for the anterior part of the gular
region. Pigment along the bases of the median fins is still present, but it is not so prominent
posteriorly. Internal pigmentation is as above.

4.7 mm HL

The anterior dorsal melanophores have become larger and denser, forming a .
longitudinal dorsal patch reaching from the first dorsal fin spine posteriorly to about half ‘
the length of the fish. The anterior part of the gular region remains unpigmented.
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6.7 mm HL (Fig. 1C)

Pigmentation has become much more extensive. The dorsal pigment extends from the
nuchal region to the caudal end of the myomeric pigment and onto the first dorsal fin.
Ventral melanophores are present but sparse on the caudal region. Peritoneal
melanophores are evenly distributed ; external pigment is sparse on and around the bases of
the pelvic fin rays and is quite dense around the anus. Pigment is scattered on the
suborbital and postorbital regions. The anterior part of the gular region remains
unpigmented. The mandibular barbel is present as a small, broad-based flap or bump.

7.4 mm HL

Dorsal and ventral pigmentation is extensive, composed of large and small pigment spots
coalescing in the trunk area below the first dorsal fin. The basipterygia are completely
pigmented, and the pigment around the anus is not so dense as at 6.7 mm HL. The anterior
part of the gular area remains unpigmented ; a broad band following the lateral line down
the sides of the tail is externally unpigmented but is evenly pigmented internally.

9.4 mm HL

The area along the lateral line is sparsely pigmented externally, and trunk pigment is
more extensive; internal myomeric pigment is more prominent in the previously
unpigmented caucal region. The dorsal pigment now extends to the frontal region, and the
previously unpigmented pa~ of the gular region of the lower jaw is smaller, although its
anteriormost third remains pigment free. The pectoral fins are still peduncular, and the
barbel, although distirci, is quite short.

9.8 mm HL (Fig. 1D)

Metamorphosis has occurred, although the stomach is still relatively larger and more
swollen than in later juveniles. The unpigmented caudal region has some internal
pigmentation consisting cf distinct melanophores and diffuse myomeric pigment, is very
lightly pigmented along the fin bases, and remains distinct. The lower jaw is completely
pigmented. The pectorals are adult in form, although their bases form small lobes. The
barbel is slender, short, and lightly pigmented.

12.5 mm HL (Fig. 1E)

The body is covered with small punctate melanophores evenly distributed except along
the lateral line, where they are relatively sparse. The transition between internally
pigmented and unpigmented caudal regions is less abrupt. The peritoneum, which can be
seen through the body wall, is uniformly darkened. The barbel is fully developed.

15.3 mm HL
The adult body form is clearly present ; the stomach is not swollen as it was previously
At this size, the distinctive pigment-free caudal region cannot be clearly distinguished frorr
the remainder of the tail.
16.6 mm HL
The rostral scutes and scales begin to form.

Coryphaenoides leptolepis (Giinther) 1877 (Fig. 2D, E). Although the eight specimens

st
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Fig. 2. Coryphaenoides filifer. A: 6.4 mm HL: B: 10.5mm HL: C: ~14.6 mm HL (a composite
from two damaged specimens). Coryphaenoides leptolepis. D: 6.2mm HL: E: 15.2mm HL.
Posterior of caudal not drawn, although present, in E.

available do not form a complete series, they are clearly conspecific and allow description of
important characters and of several growth stages. The characters most important in
identification were pigment pattern, number of gas glands, and number of first dorsal and
anal fin rays (Table 1). The pigment pattern is present even in relatively large juveniles: it
provided the connection between juveniles identifiable using adult characters and smaller
individuals not so identifiable. In all specimens up to at least 19.6 mm HL (>84 mm TL),
evenly scattered pigment spots occur on the trunk from just anterior to the dorsal fin
posterior to about the 10th anal fin ray. The pigment spots are visible even in specimens
darkened by preservation. Posterior to the 10th anal ray no comparable pigment is present.
The pigmented area is sharply distinct from the rest of the tail.

All fins other than the pectorals are fully developed by 5.9 mm HL. The pectorals are
peduncular and paddle-like distally. The peduncular fin is lost between 6.2 and 13.6 mm
HL, at which size a fully developed adult form of pectoral fin is present.

K
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5.9 mm HL

Clearly separated melanophores are dense on the trunk and stomach. Some
melanophores are evenly distributed over the frontal region of the head, and a few are
present on the ascending processes of the premaxillae. Pigment is present around the
basipterygia and under them on the stomach, visible through the body wall. A wide notch
between the anteriormost teeth is present at the tip of the premaxillaries.

6.2 mm HL (Fig. 2D)

Trunk pigmentation is less dense than at 59mm HL: it is composed of evenly
distributed stellate melanophores. Peritoneal pigmentation is denser anteroventrally and
posterodorsally. The large and small punctate frontal melanophores form a bilaterally
symmetrical heart-shaped pattern with the apex pointing posteriorly. A narrow band of
internal melanophores on the head extends in an arc from the suborbital region to above
the opercle. Dense black punctate melanophores are present on the peritoneum under the
unpigmented basipterygia.

15.2 mm HL (Fig. 2E)

Metamorphosis has occurred. The trunk melanophores are relatively larger, blotchier,
and more widely separated than in the postlarval stages. The adult form of pectoral fin is
present. The light brown body is fully scaled. The trunk melanophores make the body
anterior to about the 10th anal fin ray appear blackish,

19.6 mm HL

Trunk melanophores are still present although they have become large, blackish, widely
separated spots. Fish at this size are easily identifiable by using keys to adults.

Coryphaenoides filifer (Gilbert) 1895 (Fig. 2A, B, C). The 10 available specimens do not
form a complete series but are clearly conspecific. Characters most useful in identification
of C. filifer were number of first dorsal fin rays, pelvic fin rays, gas glands, and pigment
pattern (Table 1). The species can be distinguished from all others likely to be captured off
Oregon by the abundance of the rays in the first dorsal fin. One larval individual, identical
in other respects to the other specimens identified as C. filifer, had 15 first dorsal fin rays.
The highest previously reported ray number was 14 (IwamoTo and STEIN, 1974). The
pigment pattern allowed identification of individuals with 11 or 12 first dorsal fin rays. The
specimens might otherwise have been confused with C. acrolepis or C. cinereus (Gilbert)
1895. The distinct pigment pattern in all postlarvae and juveniles examined consists of a
‘dorsal oval’ of melanophores surrounding the first dorsal fin; its long axis parallels the
length of the fish. The dorsal oval generally extends anterior to the first dorsal fin,
posteriorly to about the 12th ray of the second dorsal fin, and ventrolaterally as far as the
lateral line. The peritoneum is distinctly pigmented dorso-laterally. There are scattered
small melanophores along the lateral line and on the gular and suborbital regions of the
head.

All fins except the pectorals have their full complement of rays in the smaillest specimen
examined (6.4 mm HL). Metamorphosis occurs at a greater HL (between 14.1 mm and
14.6 mm) than in either C. acrolepis or C. leptolepis.

The species is distinctly longer at any given head length than are either of the other two
species; total lengths of the two specimens that had lost the least amount of caudal were 6.7
times HL (at 6.4 mm HL) and 6.9 times HL (at 11 mm HL). The distance from the snout to
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where the caudal fin is equal in depth to the horizontal diameter of the pigmented eyeball
ranges between 3.5 and 4.6 times head length, whereas for C. leptolepis the range is 2.4 to
2.7 and for C. acrolepis it is 1.8 to 2.4.

6.4 mm HL (Fig. 2A)

The melanophores forming the dorsal oval are small, punctate, dense black or dark
brown, and closely spaced. Pigment is abundant on the dorsolateral surface of the
peritoneum but not on the ventral surface, possibly because the stomach of the specimen is
greatly swollen with food. There are a few tiny melanophores on the ventral surfaces of the
lower jaw. On each frontal is an oval patch of small, widely separated stellate
melanophores.

10.5 mm HL (Fig. 2B)

The melanophores forming the dorsal oval and stomach pigmentation are much larger
and less dense, forming relatively large spots that tend to coalesce. A few small pigment
spots are present on the isthmus and the ventral margin of the opercular opening, along the
lateral line, and on the posteriormost part of the caudal. Apparently neither number nor
size of pigment spots increases on the frontal surfaces of the head or ventral surfaces of the
lower jaw or the stomach.

~14.1 mm HL (damaged)

Metamorphosis starts to occur at about 14 mm. Relative to smaller specimens, the angle
of the mouth is nearer the horizontal, the stomach is smaller, the posterior part of the trunk
is not so deep and is about equal in depth to the anterior part of the tail. The peduncular
pectoral fin is still present and well developed.

~14.6 mm HL (damaged) (Fig. 2C)

Metamorphosis is almost complete. The dorsal oval is still distinct. Both available
specimens near this size are in poor condition, precluding further descriptions of pigment
patterns. The pedunculate pectoral fin has disappeared and the fully developed adult form
of pectoral fin is present.

~ 16 mm HL (damaged)

Similar to 14.6 mm specimens. Pigmentation differs in the presence of small dark brown
pigment dots over the entire body, especially on the tail, forming diffuse lengthwise bands
above, below, and along the lateral line.

Coryphaenoides armatus (Hector) 1875. No larvae or postlarvae of this species, the most
abundant macrourid occurring off Oregon (observations of Pearcy, STEiN and CARNEY),
were identified. One juvenile (18.2 mm HL) was collected by IKMT between the surface
and 2520 m in 3909 m of water. The specimen was clearly of adult form and was easily
identified. Metamorphosis thus occurs in C. armatus by this size, and judging by the
complete squamation of the specimen, it probably occurs at some significantly smaller size.

Provisional key to postlarvae and juveniles of Coryphaenoides occurring off Oregon
A. Pyloric caeca 5-7 (first dorsal fin rays 10-12, pelvnc fin rays 8- 10) C. cinereus
AA. More than 9 pyloric caeca . . . . . B

B. Gas glands and retia 2; 6-8 pelvic ﬁn rays C. pectoralis




898 Davip L. STEIN

BB. Gas glands and retia 4-6:; 8-10 pelvic fin rays
C. Gas glands and retia 4 . . . .
CC. Gas glands and retia 5-6
D. Pyloric caeca fewer than 11 first dorsal fin rays ll 15 pelvnc fin
rays 9- 10. Pigment generally confined to dorsum, forming an oval
surrounding dorsal fin base ; melanophores sparse, well separated . . C. filifer
DD. Pyloric caeca 12-14; first dorsal fin rays 9-11; pelvic fin rays 8-9.
Body and tail pigmented except for last part of tail; pigmented
length 2.9-3.6 times HL. . . . C. acrolepis
E. Trunk with large dark pigment spots postenorly to about lOth anal
fin ray, up to at least 20 mm HL; 12 precaudal vertebrae; gas glands
and retia 6. Premaxillary teeth forming a wide inner band of small

mQOnN

teeth with an outer enlarged series . . . C. leptolepis
EE. Trunk pigment not as above: 13-15 precaudal verlebrae gas glands
and retia 5-6. Premaxillary teeth biserial or irregularly biserial . C. armatus

The key is based upon available specimens and should be considered provisional. Two
rare species [C. yaquinae (IwaMoTO and STEIN, 1974) and Nezumia stelgidolepis (Gilbert)
18917 have been omitted. Although postlarvae of only three of the six species included have
been identified and described, it seems reasonable to use the adult characters that proved
useful in identification of larvae of the three species for all seven species. Such a key may be
useful to future studies by distinguishing other larvae found in the same waters from the
three species described here. Hopefully, it will also stimulate examination of previously
unexamined macrourid larvae in other collections.

Abundance and vertical distribution

To see whether juveniles avoid small nets, I compared relative abundances of all
C. acrolepis juveniles captured in midwater in the OSU collections; they were captured
with two kinds of nets (IKMT and Cobb trawl). The effects of factors such as seasonal
abundance, distance offshore, and depth of capture on relative abundances and distribution
could not be determined. Captures of larvae and juveniles were too rare, even after pooling,
to allow separate analyses on these bases. Net size affected catch rates: a small (50 m?)
opening—closing Cobb trawl (Pearcy, 1980) yielded almost 50 juvenile C. acrolepis in four
hauls at 500 to 600-m depth during one cruise. However, the number of individuals
(10° m*)~"! was even lower than for individuals captured by 1.8-, 2.4-, and 3-m IKMT's.
Values for IKMT captures average 18.8 individuals (10° m*)~', and for Cobb trawl
captures average 8.9 individuals (10° m®)~'. The larger (18 vs 6 mm) mesh size of the
Cobb trawl may explain the relatively lower catches.

The rarity of macrourid larvae, postlarvae, and juveniles is a puzzle that has been often
discussed but remains unresolved (e.g. JOHNSEN, 1927 ; MARSHALL, 1965, 1973 ; MERRETT,
1978). The collections for this study were from over 2700 midwater trawl hauls, many of
which (~900) were with multiple opening-closing nets, and thus are the equivalent of 5000
to 6000 separate tows. Yet relatively few specimens in any of the three developmental stages
were captured. Of these, none was a prolarva, some were postlarvae, and most were
juveniles.

Vertical distribution of early growth stages of two of the three species studied here is
generally unknown. Most of our specimens of C. filifer and C. leptolepis were captured
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before we began to use opening -closing midwater trawls and thus the depth of their capture
cannot be stated definitely. SavvamiMskn (1969) reported C. acrolepis 10 to 15mm TL
occurred at 100 to 200 m. The specimens of C. acrolepis show a pattern of vertical
distribution (Fig. 3) that supports the general pattern postulated by MarsHaLL (1965) and
apparently given, but not cited, by SavvaTimskil (1969) and recently supported by MERRETT
(1978). The four smallest specimens of C. acrolepis (< 6.7 mm HL) were captured between
the surface and 200 m. All but one of the remaining specimens (73) were captured 1n tows
reaching 500 m or deeper. In a series of day and night horizontal tows from 2 to 5
September 1978, at depths of 500, 650, 800 and 1000 m, with a 50 m? opening
closing Cobb trawl net, juvenile C. acrolepis were captured only in nets fished at 650 to
800 m ; postlarvae were collected at 500 m. In general, of all specimens examined for this
study, those less than 6.7 mm HL occurred at 200 m or less, those of about 7.3 to 15.6 mm
HL at 600 m or less, those 9.8 to 18.0 mm HL between 500 and 800 m: only individuals
greater than 13 mm HL occurred below 800 m. This the sparse data generally support
the hypothesis of ontogenetic migration of subadult macrourids off Oregon.
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Fig. ). Depth of capture vs head length for C. acrolepis. O : maximum depth of capture by non-
closing net: @ : depth of capture by opening-closing net. Vertical lines represent depths of single
captures in oblique hauls by opening-closing nets. where change in depth was > 100 m.

The results complement the work of MuLcaHyY, KILLINGLEY, PHLEGER and BERGER (1979),
who analyzed ratios of oxygen and carbon isotopes in otoliths of C. acrolepis. They
concluded that C. acrolepis undergoes an ontogenic migration “of at least 1400 m™ “‘early
in the life cycle™, based on decreasing estimated temperatures of 6 to 2°C at times of otolith
deposition. The temperatures of the water in which the specimens examined in this study
were captured ranged from 1.7 to 8.1°C. Specimens less than 6.7 mm HL collected at 200 m
or less were all in water of 6.6°C or warmer (unpublished OSU data report and in situ
temperature sensor on trawls).
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McLeish's comments on our paper (Simpson and
Paulson, 1980) are welcome. His remarks deal with
the interpretation of our observations of sea surface
temperature spectra. The spectral features he dis-
cusses are 1) the high-frequency cutoff, 2) the low-
frequency slope and 3) the mid-frequency plateau.

McLeish suggests that the decrease in spectral
density at frequencies above 0.5 Hz may be caused
by spatial averaging by the instrument in the pres-
ence of advection. We feel that alternate interpreta-
tions cannot be excluded. In particular, the effect
of advection by the orbital motions of waves prob-
ably should be considered in addition to mean ad-
vection. Typical amplitudes and periods of the sur-
face gravity waves were ~1 m and 10 s, respectively.
This results in sinuous horizontal advection having
an amplitude of 0.6 m s™'. The corresponding rms
velocity is 0.4 m s™' which, when added to the mean
advection, yields an effective advection of ~0.5
m s '. The interpretation of frequency spectra as
wavenumber spectra by means of an assumed mean
advection is not affected by the oscillating flow
for wavelengths large compared to the wave ampli-
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tude. However, the effect of the oscillatory flow is
quite complicated when wavelengths of the same
order as the wave amplitude are considered. Quali-
tatively, the effect of the oscillations is to smear
energy at a particular wavelength into a frequency
band. For example. consider a wavelength of 0.25 m
(the smallest that can be resolved by the instrument).
The center of the frequency band in which the energy
appears will be about 0.5 m s '(0.25 m)™' = 2 Hz.
The spectral density at this frequency (Simpson
and Paulson, 1980, Fig. 4) is about a factor of 10
less than that in the plateau. One must conclude.
therefore, that the decrease in spectral density at
frequencies > 0.5 Hz may be associated with
a decrease in energy at wavelengths < 0.5 m s™’
(0.5 Hz)"' = 1 m. A definitive interpretation must
await further investigation beyond the scope of this
reply.

We agree with McLeish's view that the low-
frequency portion of the spectra, given a constant
advection rate. is consistent with previous observa-
tions of wavenumber spectral densities (McLeish,
1970 Saunders. 1972) that decrease with a log-log
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slope of about —-2. Taking 10 cm s™* as the mean ad-
vection during our observations implies that wave-
lengths between 10 and 100 m obey the -2 power
law. We did not include this interpretation in the
paper because of uncertainty about the magnitude
of errors caused by reflected downward long-wave
radiation. Recently we have analyzed additional ob-
servations and have concluded that these errors do
not affect the general shape of our frequency spectra.
A paper including these results is in preparation,
McLeish has correctly noted that slicks may ac-
count for temperature variations in the intermediate
frequency band between 0.05 and 0.5 Hz. As pointed
out by Katsaros (1980), slicks can affect the surface
brightness temperature in several ways: *‘(a) The
emissivity of oils is typically less than that of water
so the correction for sky reflection will be greater
and the surface will appear cooler; (b) some organic
materials, but not all, decrease evaporation; (c)
since capillary waves will not form on a slick and
since waves reduce AT (the temperature dif-
ference across the layer just below the surface),
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other factors being constant one would expect a
greater AT in the area of a slick; (d) if the oil film is
fairly thick, but not so thick that convection occurs
within it, its effect is to provide an additional layer
through which heat is conducted primarily at the
molecular rate, thereby augmenting AT in the
water.”’ Additional research is required to better
understand and quantify the effects of slicks on sur-
face brightness temperature under various atmos-
pheric and oceanic conditions.
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Particulate organic carbon flux
in the oceans—surface
productivity and oxygen utilization

Erwin Suess

School of Oceanography, Oregon State University, Corvallis,
Oregon 97331

Organic detritus passing from the sea surface through the water
column to the sea floor controls nutrient regeneration, fuels
benthic life and affects burial of organic carbon in the sediment
record'>. Particle trap systems have enabled the first
quantification of this important process. The results suggest that
the dominant mechanism of vertical transport is by rapid settling
of rare large particles, most likely of faecal pellets or marine
snow of the order of >200 pum in diameter, whereas the more
frequent small particles have an insignificant role in vertical
mass flux**. The ultimate source of organic detritus is biological
production in surface waters of the oceans. I determine here an
empirical relationship that predicts organic carbon flux at any
depth in the oceans below the base of the euphotic zone as a
function of the mean net primary production rate at the surface
and depth-dependent consumption. Such a relationship aids in
estimating rates of decay of organic matter in the water column,
benthic and water column respiration of oxygen in the deep sea
and burial of organic carbon in the sediment record.

The relationship is based on flux data compiled from particie
traps installed throughout the world's oceans’ ' by many
investigators and from annual mean organic carbon production
rates of the respective surface waters™ *° (Table 1). In a few
cases biological production rates were determined at the time of
installing the sediment trap'’'®, the remaining data wer:
compiled from other sources, often using annual mean rates
from the general area of investigation. The predicted flux may
overestimate the proportion of surface production intercepted
at any given depth, when traps were installed during times of
peak productivity (which was mostly the case) but then were
normalized to lower mean annual production rates. Accord-
ingly. equation (1) gives an upper limit of the net vertical carbon
flux, if the production is known:

 Cow
©0.02382+0.212°

n=33. r=079, =50 (1

CHuxv:

Cyrou i the primary production rate of carbon at the surface, Gy,
is the organic carbon flux at depth measured by the sediment
traps, both inunitsof (g m “yr ', 2(=501 is the water depth (m)
at which the traps were moored, n is the number of observations,
and r° the coeflicient of correlation. Only flux data from below
the euphotic zone (>50 m) are used in defining equation (1),
This limitation also causes the non-zero intercept for b =0.212,
Moreover carbon fluxes in shallow waters, as in the western
Baltic Sea'>'* and along cross-shelf transects of the Peru coastal
upwelling regime'® ', are consistently less than predicted by
extrapolating equation (1) to such depths (Fig. 1). Thesc low
yields are probably due to non-vertical motions of particles
caused by advection, horizontal currents and locomotion of live
plankton, thus exporting particulate matter from the site of
sediment trap deployments.

Effects of +15% uncertainty in primary production estimates
are also shown in Fig. 1. This uncertainty is of the same
magnitude as the variations and ranges of repeated flux
measurements obtained using several traps at the same location.
For example, particle flux measurements below the California
Current'” were repeated within the same season whereas the
data from the Peru coastal upwelling system'”'" are averaged

over several seasons, as indicated in Table 1. The collection and
closure ethciency of certain trap designs, the problems of in situ
decay of non-poisoned collectors, horizontal and resuspended
flux probably contribute even more significantly to the scatter of
the data™ ",

However large the present uncertainties may be for the
relationship of vertical fluxes of particulate carbon in the oceans,
they have interesting implications. First, if depth can be
adequately transformed into time, the slope of equation (1)
implies some sort of rate constant. Actual measurements of
large particle size spectra with depth are not available. For small
particles (d < 100 um) many theoretical models and empirical
distribution patterns have been presented which suggested that
particle populations get smaller in diameter with increasing
depth** The decrease in particle diameter with depth is
thought to be a function of various chemical dissolution or
oxidation processes'' **. Thus one would expect a gradual
decrease in particle settling rates with depth. However, recent
investigations suggest that biological repacking by successive
feeding actually produces larger particles at the expense of
smaller ones and that settling rates are extremely rapid™”. A
relationship of carbon-flux to surface-production from which
minimum sinking rates can be inferred was recently also ob-
served by Deuser and Ross'* who showed that seasonality in
surface production is reflected in like changes of the carbon flux
in the deep Sargasso Sea. The coupling between production at
the surface and deep flux—here at a depth of 3.200 m—withina
period of a month or less, requires sinking rates of particles in
excess of 100 m day '. Also Shanks and Trent® measured sink-
ing rates of ~50-100 mday ' for other large aggregates (marine
snow) primarily involved in vertical mass transfer.

As a first approximation, then, depth and residence time may
be linearly related and for simplicity a settling velocity of
w, =100 m day ' may be assumed in transforming depth (1 of
equation (1) into time. This then enables the definition of an

Carbon flux

Production
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Fig. 1 Organic carbon fluxes with depth in the water column normalized to
mean annual primary production rates at the sites of sediment trap deploy
ment. The undulating line indicates the base of the cuphotic zone. the
horizontal crror bars reflect variations in mean annual productis ity as wel’ an
in replicate flux measurements during the same scason or over several
scasons; vertical crror bars are depth ranges of several sediment trap
deployments and uncertainties in the exact depth location. The data points
by Rowe (1980 represent selected averages of 2-8 single sites at ~10m
above the bottom. where resuspension was assumed to be minimal
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Fable 1 Organic carbon fluxes in the water column and mean  pomarny
production rates

Water Carbon
depth flux Production
| atitude  Longitude mi em v gm Tar Y Refs
32N OSSR W 976 0 ’Y 40 K. 29
3.694 032
S.206 0.02607)
320N SV00RW 5.367 048 48 8,29
13 302N Sdou W XY 246 S0 K. 26
98K 1.44
3758 063
S.068 062
IS200N 151 285 W 378 1.30 40 K26
Y78 (K20
2.77% (L4
4280 0.32
5,582 024
25 um St Bermuda 3200 w77 40 14,23
N3N X6 6W 2570 2.0 1o 15,22
274208 TR SECW H60 s.3 100 9, 24,26
WWN T6NSW 1.350 1y 200
IRIITN A9 ISTW Ase S6 50
MSON S TTTION 2,100 2003 100 7
420N 122 1YW S0 158+ 8 SO0 10, 20,21
250 92 es
700 42¢2
642N 122137 W S 33:7 150
250 1922
00 172
R2ATIN 260 W 78 282 10 100
378 S3t1
1.050 4412
IWSOON T2IW 2.160 6402 200 [1.26.28
IN2RAN T2 W 2800 35:0.7 200
W IY'N 6937 W 3.500 Sd:i0 250
SSAXAN 1S229E ss 63 4608, 150 12
TIES 79319 W 22 378 650 17,28
0d2s IR WL 19 37 450
SRS 770w 20 253 00
134048 76717.3W 13 1677 350
130458 TS266W Sy 10y pEUER I 12008600 16,17 28
IS8 4S8 752K W 70 130 £ 307 ] 17,28
1S 38 T75297°W 100+ 1o 110+ 30z HiM
SIMCN M0 F <20 3010 150 13,19, 27

* Plotted as one datum pont.
Flux measured duning one season only
Flux measured duning two or more seasons,
3 Productivity determined during the same season when sediment traps
deployed

apparent rate constant for organic carbon decomposition from
cquation (2):

—— -0.212=2.38¢ Q)

Maswe s

Con

where Ci..q = production at 7 =0, and the constant k& = 2.38,
tthat is 210.0238)], has the dimension day ' and the propertics
of a second-order rate constant. This is inferred because equa-
tion (21 is analogous to the expression for second-order rates in
chemical kineties: 1/C, - 1/C, = kt. In testing experimental data
to ascertain second-order rate kinetics, 1/, plotted against ¢
should yield a straight line relationship whose slope is equal to
the rate constant k and the intercept equal to 1/C,. Accord-
ingly. a fit for the carbon flux data in relation to depth (2, to
settling velocity tw) and to primary production C,,,.., defines the
cquation above,

As a second implication, the extrapolation of the predicted
carbon fhux from equation (1) to the interception with the sea
floor at any site yields the net carbon sedimentation before
burial. This is independent of the actual rate laws and
mechanisms that control organic matter consumption at depth
or the variation in sinking rates of particulate matter. Net carbon
sedimentation is an important parameter because it gives the
upper limits of organic carbon accumulation in the sediment
column. The preserved rate of burial can only be smaller than
this flux. The magnitude of continued consumption of organic
matter from the time it arrives at the sediment surface to the

Table 2 Orgamc carbon utthzation by henthic processes at twosies of the coastal
upwelling regime off Peru

Station 7706-39 Station 7706-36

latitude 111518 13:37.3°8
{ ongitude TTST 4 W TOSH & W
Water depth omy 186 70
Ceoorggm “y1 H
Production annual mean SO0 J00
Flux to scafloor using equation t1) A 108 44
RBurial rate from sediment uccumululmnt 40 17
Benthic utilization as carbon ditference 6K K" 142 2
O.dm v
Oxygen demand 160 93-345: LX)

* Equivalent oxygen consumption rates are based on 2.43ml (), consumed -
1.0 mg C utthzed®’.
« Ref. 38,

time it is effectively removed from decomposition through burial
is related to benthic respiration. In many cases the burial rate of
organic carbon can be independently determined from linear
bulk sedimentation rates, sediment densities, porosities and
organic carbon contents. Consequently, the benthic respiration
is the difference between the net vertical flux as predicted by
equation (1) and the burial rate. The burial rate of organic
matter, in turn, seems to be primarily controlled by the linear
rate of sedimentation, as discussed elsewhere . Results in Table
2 at two stations from the coastal upwelling regime off Peru
illustrate how to estimate benthic respiration from vertical
carbon flux minus carbon burial rate. The carbon utilization
rates and the inferred bottom oxygen demand are well within the
ranges reported from other coastal upwelling areas. Based on
benthic production and faunal analyses, Christensen and

Estimated oxygen consumption (i 'sr ')
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Fig.2 Vertical distribution of oxvgen consumption rates in the occan
derived from changes of particulate carbon fluxes, The profiles are generated
from cquation 131 for mean primary productivities of between 100 and
S00gC-orgm “vr ', respectively. Vertical transfer of particles is at
constant sinking rate of 1(M) m dav '. Maximum potential oxygen consump-
tion rates are shown for comparison from clectron transport activities 1)
and the corresponding estimated actual oxvgen utilization (@1 £, Oxygen
consumption from bacterial utilization rates. The data points represent a
compastte profile from the castern Pacific Ocean®” **. note scale changes.




Packard™ estimated benthic oxygen utilization rates at water
depths ranging from 20 to 200 m for coastal upwelling arcas off
north-west Africa and Baja California to be between 93 and 348
(m “yr 't Also, oxygen utilization rates of 60-550
(m “yr "1, with strong seasonal fluctuations, are reported from
the tirst direct measurements of Q,-distribution profiles in situ
and from incubation experiments of near-shore anoxic sedi-
ments from the western Baltic Sea ™",

The most far-reaching, yet tentative implication, is coupling
oxygen consumption in the water column to the observed
changes in vertical flux of particulate organic carbon. If for every
106 mol organic carbon consumed. 138 mol oxygen are util-
ized*! and if the residence time of the particles within a parcel of
scawater can be ascertained, rates of oxygen utilization at any
depth can be predicted. Again for simplicity, assuming a mean
sinking rate for particles w, = 100 m day ' vields the distribution
of the total cumulative oxygen utilization with depth as:

1
A0. = Cppoal6.66 % 10 ‘»[1 —_———] i3
27 Comal 0.0238(2)+0.2.212

where the constant 6.66 X 10 ° converts carbon consumption to

o . o
oxygen utilization in units of tml1 'day '); that is 365 g C-org

) . 10; . . .
m “day ' utilizes 2.43 x To0 m® when assuming settling velocity
9

' theref “'43xm “x10°
o therefore, —— =
Crerore 365

of particles w, =100 m day
6.66 x10 “mil 'day '. The proportion of organic carbon
1

0.02387+0.212 *™
again, - is limited to depths =50 m. To illustrate the usefulness
of equation (3), vertical distribution profiles of oxygen
consumption rates are generated for a water-column profile
where the input of oxidizable particulate organic matter from
the cuphotic zone is between 100 and 500 gCm “yr 'and the
vertical mass transfer is assumed to be primarily through large
particles at sinking rates of 100 mday '. Comparable oxygen
consumption rates in water-column profiles deduced from elec-
tron transport activities, bacterial utilization rates and
respirometer measurements are in general agreement with these
predicted values, although ETS O.-consumption rates appear
higher by an order of magnitude at greater water depths (Fig,
2* %% Equation (3) also assumes O.-consumption to be only by
the utilization of particulate organic matter, whereas actually,
dissolved organic carbon is also utilized™".

The oxygen distribution resulting from the predicted
consumption rates of equation (3) largely follows that of the
classical circulation model by Wyrtki*’, the basic difference
being that his model utilizes an exponential oxygen consumption
term with depth following first-order rate kinetics, that is C, =
C, ¢ *, whereas the carbon flux measurements presented here
are better approximated by a second-order fit. The only way that
the carbon flux data would follow a first-order rate expression is
in the case of accelerated settling of particles: that is, if sinking
rates were actually to increase with depth in the water column,

consumed is given by the expression 1 -

(9]

These carly results from particle traps apparently tie together
successfully processes of organic carbon cycling in the oceans
that previously have been treated separately by marnine biolo-
gists, chemists and sedimentologists. Sizes and shapes of parti-
cles involved in vertical mass flux and seasonally adjusted
surface productivity and deep carbon fluxes hold the key to
understanding fully organic carbon cycling in the ocean and
related oxygen and nutrient distributions.

This work was supported by the NSF and the Office of Naval
Research through grants OCE-77-20376 and N0O0014-79-(C-
0004, Project NRO83-1026 to Oregon State University. I thank
J. Dymond, P. D. Komar and R. Pytkowicz for helpful dis-
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I dedicate this work to Richard Cobler, an inspiring student of
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N¢ 293 - BIOGEOCHIMIE DE LA MATIERE ORGANIQUE A L'INTERFACE EAU -SEDIMENT MARIN

PRODUCTIVITY, SEDIMENTATION RATE
AND SEDIMENTARY ORGANIC MATTER IN THE OCEANS
II. - ELEMENTAL FRACTIONATION

Erwin SUESS and Peter J. MULLER *
School of Oceanography, Oregon Siate University, Corvallis, Oregon 97331

RESUME. - Le flux vertical des substances organiques dorigine biogénique a 1a surface des sédiments est fonction de la profondeur d'eau et
de la productivité primaire : ceci peut s'exprimer par la relation empirique :

(1) Flux C,, = 5.9 - profondeur d'eau ~ 0816 productivité
En descendant la colonne d'eau et avant d'étre enterré, le détritus organique biogénique subit un (ractionnement des éléments par la soustraction
préférentielle de composés organiques azotés et phosphoriques. A I'interface eau-sédiment une partie du détritus est converue en biomasse par des
organismes benthiques concentrant ainsi l'azote et le phosphote par rapport au carbone. Ces deux processus se refiétent dans la composition
élementaire des matiéres sédimentaires d'origine organique. Un troisiéme processus concentre la matiére organique dans les sédiments, par sdsorption
sur les argiles. Cette matiére adsorbée a un haut contenu en azote organique et est dépourvue de phosphore organique: elle a un réle important
seulement pour les argiles pélagiques. Les quantités respectives de chacune des trois formes de matiére organique, c'est-a-dire - detritique. en
viomasse, et adsorbée - peuvent étre calculées en employant les formules suivantes :

Q) C,yonve-ors. = 0.005 - AL,O,

C .-org.-C ~org. = e N, -org.
3)C org. = —Wal "= “adobe T3 " ol T
(1-e/f
() Coprase 018 = C 00018 = Coinrus 078 = CotorpeOT8-
Dans ces expressions ¢ et { sont respectivement les proportions de C/N élémentaire de 12 biomasse et du détritus.

ABSTRACT. - The vertical flux of biogenous organic matier to the sediment surface is a function of water depth and primary productivity ;
this relationship can be expressed empirically as :

(1) org-Cp,, = 5.9 - depth~ 218 productivity
Upon descent through the water column and prior to burial, biogenous derrital organic matier undergoes strong elemental fractionation by
preferential removal of nitrogenous and P-containing organic compounds. At the water-sediment interface, a portion of the detritus is converted ino
biomass by benthic organisms. which concentrate nitrogen and phosphorus relative to carbon. These two processes are reflected in the elemental
composition of sedimentary organic matter. A third process concentrates organic matter in sediments by sorption onto clays. This sorbed material is
high in organic-N and devoid of organic-P . its relative abundance is high only in pelagic clays The concentrations of each of the three forms of
organic matter - detrital. biomass, and sorbed - can be calculated from the following expressions :

(2) org-C,,,, =0.005- ALO,

3) orgC,, = __wom-c _ore ~& o

O o Cons U-e/D

B 4 org-C\ ., =0rg-Cy,, — 0rg-Copyy ~ 013-C oy

where e and  are the C/N elemental weight ratios of biomass and detritus respectively.

INTRODUCTION that the elemental assemblage contains information
about the nature of the biochemical processes and al-
lows estimates to be made of the magnitude and sources

of organic matter reservoirs.

Biogenous organic matter is the most complex and
the jeast chemically stable mixture of all constituents in

the oceans. Biochemical processes begin to fractionate
this mixture extensively as soon as it leaves the euphotic
zone. Fractionation persists throughout the subsequent
history of settling, decomposition, dissolution, ingestion,
resuspension and eventual burial as part of the sediment
record. The significance of chemical fractionation here is

In this study, we examine the fractionation of org-C,
org-N and org-P in biogenous matter in the oceans, and
develop a preliminary model that partitions the total
sedimentary organic matter into marine plus terrestrial
detritus, benthic biomass, and clay-sorbed material. In
three of the following sections we develop arguments

* Geologisches Institut, Olshausenstrasse 40-60, 2300 Kiel, Fed. Rep. Germany.
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and present data which yield the major elemental com-
positions of the three end-members used in this model.
These different forms of organic matter when mixed in
varying proportions, make up the total sedimentary
organic matter inventory and are also responsible for its
characteristic org-C:org-N:org-P ratios.

Major advances are presently being made in related
fields which serve to emphasize the importance of un-
derstanding elememal fractionation. Attempts are under-
way to directly measure vertical mass fluxes in the
oceans. thus contributing to the quantification of factors
controlling organic matter accumulation.

Relevant to the discussion here are data on the com-
position and fluxes of biogenous matter as reported by
Bishop et al. (1977), Cobler and Dymond (1980), Hinga
et al. (1979), Honjo (1978), Knauer er al. (1979), Smeta-
cek et al. (1978), Spencer er al. (1978), and Staresinic
(1978). Also, the mechanisms of fractionation have been
studied extensively and models have been proposed for
microbial decomposition under oxic, suboxic and anoxic
conditions. These models are based primarily on pore-
water chemical data and nutrient distributions near the
water-sediment interface (Berner, 1974; Bender er al.,
1977 Froelich er al., 1979 ; Murray et al., 1978 ; Suess,
1976, 1979). Finally, external factors controlling organic
matter preservation and composition in marine environ-
ments have been receiving increasingly more attention.
Important factors are rate of burial, oxygenation of
bottom waters, primary production, terrigenous organic
matter input, role of benthic biomass and stabilization
by clay interaction (Demaison and Moore, 1980; Dow,
1978 ; Heath er al., 1977 ; Kepkay et al.. 1979; Miiller,
1975, 1977 ; Miiller and Suess, 1979 : Suess et al., 1980).

ORGANIC MATTER FLUX

Ever since McCave (1975) pointed out that the rare,
large particles ( > 100 um) in the oceans potentially do-
minate the vertical mass transport, direct vertical flux
measurements have greatly proliferated. The first gene-
ration of particle trap experiments dealt with sampling
efficiency. general design, deployment and sample han-
dling; the present generation of instruments have provi-
ded the first data that can be used to estimate fairly
reliable fluxes. By no means are all of the problems of
such direct measurements entirely solved, however.

In Figure | the depth dependent vertical organic car-
bon flux ~ as measured by various particle trap sys-

tems - has been compiled and normalized to the rate

of primary carbon fixation. This empirical relationship
allows the organic carbon flux at any depth in the water
column to be estimated from the primary carbon fixa-
tion at the surface. muitiplied by 5.9 -x~%%'¢ where
x = water depth.

Both the kinetics of organic matter decomposition
and particle settling probably contribute to this observed
relationship (Suess, 1980a). For the purpose of the dis-

cussion here, however. only one point appears impor-
tant; i.e., that the vertical organic carbon flux in deep
waters — although greatly reduced - still reflects sur-
face productivity in a predictable fashion. Figure | al-
lows the net organic carbon flux to the sediment surface
prior to burial (in the following called carbon sedimenta-
tion) to be estimated at any point in the deep sea.
Comparison of this net flux to the rate of carbon burial
(in the following called carbon accumulation) reveals
additional complications. It is at this stage that the bulk
sedimeniation rate plays a crucial role in organic carbon
preservation (e.g., Muiller and Suess, 1979 Figure 2).

Slow rates of sedimentation allow enhanced decom-
position of organic matter prior to burial, whereas rapid
rates reduce decomposition since the exposure time and
loss of organic matter due to remineralization are redu-
ced. This interrelationship between organic matter pro-
duction and consumption in the water column and at
the water-sediment interface is reflected in the elemental
fractionation of organic carbon, organic nitrogen and
organic phosphorus.

FRACTIONATION

During settling of organic matter through the water
column and exposure prior to burial the major bioge-
nous elements C, N and P are differentially mobilized.
Table I shows mass fluxes, elemental compositions and
accumulation rates of organic matter from four marine
environments compiled from published sources and
from our own investigations. In each section. the pro-
duction numbers represent integrated. mean annual car-
bon productivity rates from which. where no direct
analysis was available, organic-N and organic-P have
been calculated using the well-known Redfield ratios.

The elemental flux and compositional data for the
water column are direct measurements reported by the
authors referenced. Available accumulation rate data are
from near-surface sediments in the general areas of
sediment trap deployment (refs. : see footnote Table I).
We selected for this compilation only radiometrically
dated sediments with undisturbed surfaces - generally
collected with box cores - and with direct measure-
ments available for bulk density and porosity.

The changes in elemental ratios normalized to atomic
carbon = 106 indicate preferential organic-N and orga-
nic-P losses from particulates settling through the water
column, but relative enrichments of theses elements in
near-surface sediments. The fractionation between car-
bon. nitrogen and phosphorus in the water column is in
accordance with what we know about and expect from
nutrient regeneration (Redfield er al., 1963: Richards,
1965 ; Berner, 1977, 1974 ; Aimgren et al., 1975 Billen.
1977).

The changes of elemental composition in near-sur-
face sediments we attribute to differing benthic popula-
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TABLE 1
Blogenous element fluxes in the water column and accumulation in the sediment record
OPEN OCEAN (1)
Biogenous Element Elemental Ratios
Fluxes
Redfield
@m -2 year") (Redfield)
C N P C N P
Production ................ 50 8.8 1.2 106 16 1.0
Particle flux
Euphotic zone. . . ..... ... 25 2.1 0.16 106 79 0.25 ‘
Watercolumn .......... 0.80 0.030 0.0022 106 35 0.11 |
Accumulation. . ............ 0.0031 0.00069 0.000069 106 20 0.91 ]]
CALIFORNIA MARGIN (2)
Biogenous Element Elemental Ratios
Fluxes
field
@m-2 year~!) (Redfield)
C N P C N P
Production ................ 250 44 6.1 106 16 1.0
Particle flux
Euphoticzone. ... ....... 158 21 2.15 106 12 0.56
Vater column .......... 42 4.6 0.58 106 10 0.56
Accumulation. . ............ 22 0.23 0.032 106 10 0.60
PERU MARGIN (3)
Biogenous Element Elemenial Ratios
Fluxes
@m-? year~!) (Redfield)
C N P (o} N P
Production ................ 350 62 8.5 106 16 1.0
Particle flux
Euphoticzone. .......... 195 31 106 14
Watercolumn .......... 87 88 106 9.2
Accumulation. ............. 38 4.7 0.47 106 11.0 0.23
; BALTIC SEA (4)
]
|
|
Blm’;‘::‘sle’mem Elemenial Ratios j
| @m- year~") (Redfield) i
4 C N P C N P ‘
f Production .... ........... 160 28 39 106 16 1.0 ’
g Particle flux
i Euphoticzone. . ...... ... 24 kR 106 1.7
: Watercolumn .......... 65 6.5 0.42 106 9.1 0.27
g Accumulation. . .. ... ...... 28 38 0.55 106 124 0.34
-
(1) Composite data from : Knauer et al. (1979), Cobier and Dymond (1980).
{2) Composite data from : Knauer er af. (1979), Sholkoviuz (1973),
Bruland er al. (1974).
(3) Composite data from : Staresinic (1978), Milller ans Suess (1979).
(4) Composite data from : Smetacek ez a/. (1978), Suess and Erlenkeuser (1975).
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FIG. 2. - Dependence of sedimentary organic carbon contents on primary productivity rates (R) and sedimenta-
tion rates (S) for constant physical properties (p, = dry density of solids. o= porosity). At constant primary
production rates the org-C content approximately doubies with each 10-fold increase in sedimentation rate.
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tions and to the role of clay-sorbed organic matter. A
comparison of C/N atomic ratios of particulates and
bottom sediments from the Peru margin and the Baltic
Sea (Table I) shows that 80 =5 % of the organic-N is
remineralized but only 655 % of the org-C is
consumed during the first ~ 100 m of descent through
the water column at these sites. In the organic matter of
the respective surface sediments, however, the sequence
is reversed and org-C appears more strongly depleted
than organic-N and organic-P. This change we attribute
to the synthesis of new benthic biomass from settling
detritus and to the increased respiration of org-C.

Knauer er al.’'s data and the only existing organic-P
value from the Balctic Sea particulate flux measure-
ments show that the fate of organic-P is quite similar to
that or organic-N. In fact. it appears that org-C:org-P
ratio changes might be more sensitive fractionation indi-
cators than org-C:org-N rations, and might, in waters
shallower than 200 m, even be related to the magnitude
of primary organic matter production rather than to
water depth alone. For the purpose of this discussion,
however, we shall characterize organic detritus, the first
component of our model, by :

org-C:org-N:org-P = 106:9:0.3.
This is typical of detritus produced in highly fertile
waters, provided its descent through oxygenated waters
does not exceed 200 m, as is the case for the examples
from the Peru margin and the Baltic Sea. For less fertile
waters and greater transit depths stronger fractionation
affects the organic detritus such that is composition is
given by :

org-C:org-N:org-P = 106:6:0.1.

As more sediment-trap data become available, it
should be possible to derive an expression for the detri-
tal organic input 1o the sediment surface (=organic
matter sedimentation) as a function of primary produc-
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tion, water depth and degree of elemental fractionation.
Such an expression would not, however, differentiate
between terrigenous and authigenic marine organic mat-
ter.

. KBED MATTER

In pelagic sediments, where detrital marine and ter-
restrial organic matter input are greatly reduced, Miuiller
(1975, 1977) found a unique nitrogen-rich organic mat-
ter fraction that is attributable 10 clay-sorbed material.
Detection was possible by differentiating analytically
between inorganically-bound N — largely as fixed NH,
of illitic clays — and organically-bound N. The chemi-
cal nature and origin of the sorbed organic matter
fraction have not been determined as yet but Hedges
(1979) suggests that melanoidians might form from
amino acids and sugars catalyzed by clay surfaces and
Miiller (1977) speculates that amino acids may be prefe-
rentially sorbed from sea-water by clays. Whatever the
nature and mechanisms of formation may be, sorbed
organic matter appearts difficult to metabolize, it is
devoid of organic-P, and its quantity in pelagic sedi-
ments is related to the Al,O, content (Figure 3).

In a recent paper Miiller and Mangini (1979) have
partitioned the organic carbon reservoir of pelagic sedi-
ments into a metabolizable and a residual fraction.
These data are here supplemented by organic-P values
(Suess, 1980b) for two central Pacific near-surface sedi-
ment cores to define the mean composition of the sor-
bed organic matter fraction and also give a limit for the
composition of the benthic biomass (Tabie II).

Clearly the quantity of sorbed organic matter is insi-
gnificant within a total carbon inventory of surface
sediments since it is limited by the clay mineral content.
The high organic-N concentration and the absence of
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FIG 3. - Depth distribution of org-C/AhO, in sediments from the central North Pacific. Constant values
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hiatus. Modified from Muller and Mangini (1979).




22

organic-P do strongly affect the ratios of the major
elements of sedimentary organic matter when they are
used as indicators for typical reservoirs in sediments
containing less than 1.0 wt.-% org-C; but in sediments
with more than | wt.-% org-C, sorbed organic matter
and its elemental chemistry may safely be ignored. We
conclude that sorbed organic matter, as the second cons-
tituent of our model, is characterized by org-C/
ALO, =0.0028.

BENTHIC BIOMASS

Where rates of sedimentation are extremely slow,
such as beneath the centers of the oceanic gyres, hardly
any of the sedimented carbon is buried. Instead it ap-
pears to be entirely utilized by benthic organisms which
produce a strong elemental fractionation. Organic-C is
respired and org-N and org-P are enriched in the newly
synthesized organic matter under such conditions. This
process can best be evaluated by observing org-C/org-P
ration changes as a function of the percentage of orga-
nic carbon preserved in the sediment (Figure 4). The

relative high org-P contents of central Pacific sediments
described earlier (Table II) seem to us indicative of a
significant proportion of benthic biomass there. If the
metabolizable organic carbon in cores 10132-1 and
10149-1, as listed in this table, consists dominantly of
benthic biomass carbon and small amount of detrital
carbon, the biomass fraction must have org-C/org-P
wt.-ratios of less than 20-40. This range is not unlike
that of microbial biomass (Gunsalus and Stanier, 1960).
Since, however, a small amount of org-P is tied up in
detrital organic matter, the biomass fraction must have
an even lower value for the elemental wt.-ratio. We
take the ratio org-Coom /Or8-Poom 10 be about 16. This
then characterizes the composition of the third compo-
nent of our organic partition model, the benthic bio-
mass.

PARTITIONING MODEL

Attempts at partitioning elements of sedimentary
components among several sources are not new. Mac-
kenzie and Garrels (1966) have shown how distributing

TABLE I
Down-core distribution of alumina and biogenous elements in central Pacific sediments.

The near-surface sections show evidence for the presence of benthic biomass and detrital organic matter, whereas the deeper

sections contain only claysorbed organic matter.

VA 10149-1
Depth Al,04 org-Coen org-N o Nines org-P

0-2 14.0 0.354 0.131 0.027 0.008
244 13.7 0.329 0.077 0.025 0.004
4-6 134 0.309 0.077 0.026 0.005
6-9 14.1 0.156 0.062 0.013 0.000
9-12 13.7 0.127 0.050 0.011 0.001
12-16 12.5 0.091 0.036 0.009 0.000
16-20 109 0.069 0.033 0.007 0.000
20-24 11.9 0.060 0.021 0.008 0.000

VA 10132-1
0-4 1.7 0.219 0.049 0.017 0.006
4-8 11.0 0.163 0.038 0.015 0.005
8-12 8.2 0.128 0.031 0.014 0.007
18-24 8.2 0.096 0.021 0.013 0.003
24-30 7.4 0.107 0.022 0.014 0.002
38-52 9.8 0.110 0.034 0.017 0.000
78-92 12.6 0.090 0.040 0.012 0.000
111-124 14.4 0.081 0.040 0.013 0.000

Data from : Miiller and Mangini (1979) and Muiller (1975).
Depth in cm below interface.
Concentrations in wt.-% of dry sediment.




elements among mineral phases on a quasi-normatve
basis is a useful tool for gaining a first understanding of
the sedimentary mass balance in the oceans. Heath and
Dymond (1977), Dymond et al. (1977) and Bostrom et
al. (1973, 1978) used chemical models based on interele-
ment relations to partition certain major and minor
elements of surface sediments of the Pacific Ocean into
detrital. hydrothermal, hydrogenous and biogenous
sources. More recently, linear programming has been
utilized 10 optimize the algebraic solutions (Dymond er
al.. 1979). Here. we use a simple model to partition
organic matter between detrital, biomass, and sorbed
sources. Partitioning is governed by the following rela-
tions :

(1) org-C,, = org-C,, +0rg-Coom + 0rg-Ce.,

(2) org-Nuw = Nipar = Nfirea

(3) org-N,. =org-N,,, +org-Ny, +0rg-Npom

(4) org-P,,, = 0Org-Pocm + OT8-Pye,

These relations require that there are no organic reser-
voirs other than sorbed material, biomass and detritus;
that each reservoir has a characteristic elemental compo-
sition ; and that ALO;, N0 » Ny » 0rg-C, and org-P for
the bulk sediment can be determined analytically. Listed
below are our estimates of the chemical characteristics
of the three organic matter reservoirs (values refer to
surface sediments only):

(5) org-C,», =a - AlLO,

(6) org-N_, =1/b-org-C_,,

i e s i b S 8" o et A e W5 4 < S 41 e
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(7) org-P., =0
where a =0.005
b = org-C,,, /0org-N_,, wt.-ratio= 1.8
_ org -org-C., —C-org-P .,
(8) org-Cy, = 2Cou “_ﬁ‘f” i
where ¢ = org-C,.,. /0rg-Po,, Wi.-ratio= 16
d = org-C,,, /org-P,, wt.-ratio =400
Alternatively, org-C detritus can also be calculated from
the nitrogen-to-carbon relationships. Accordingly.
_ -org-C.., —¢(N_ - N.)
®) org-Cows = (e/D
where e = org-C,,., /0rg-N,,,, Wt.-ratio = 4
f=org-C,, /org-N,, wt.-ratio=15

Finally, then, the remainder of the elemental propor-
tions are found by using the detrital organic carbon
contents and the respective elemental ratios of detritus
and biomass to yield :

(10) 0rg-Naew = N = Niines = 0T8-Nyor, — 078-Nyon

(11) org-Py, =o0rg-P . —0rg-Poom

In the following examples these equations and the cha-
racteristic elemental ratios are used to partition the total
organic carbon of 8 surface sediments from widely
differing environments into their respective fractions of
sorbed, detrital and biomass material. The results are
illustrated in Fig. 5. The areas of each circle reflect the
amounts of different organic carbon reservoirs in each
sample. The sorbed fraction amounts to ~1/4 of the
total organic carbon in pelagic sediments, whereas in
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FIG. 4. - Decomposition of sedimentary organic matter (org-C/org-P FIG. 5. - Proposed panitioning of sedimentary organic cardon into
wt.-ratios) as a function of the percentage preserved in the sedi-
ment. For low percentages ( <0.1 %) preserved. the organic matter
composition approaches that of the benthic biomass and for high
percentages ( > 1.0 %), it is dominated by detrital organic maner.

detritus, biomass and sorbed material. Sorbed and biomass carbon
are important only in pelagic sediments; continental margin sedi-
ments are dominated by organic detritus. Absolute amounts of
biomass and relative amounts of detritus decrease steadily with
increasing water depth.
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continental margin sediments it is negligible. Benthic
biomass and marine plus terrestrial detritus dominate
the organic carbon content in pelagic sediments. It is
interesting that the absolute amount of biomass carbon
steadily decreases with increasing water depths regar-
dless of the proportions of detritus and the absolute
amounts of org-C,,,- Also, it is striking that the propor-
tions - and absoiute amounts - of detrital carbon
decrease with distance from the coast, in response to
decreasing fertility, terrestrial organic matter input and
bulk sedimentation rate, or some combination of these
factors. In environments where the sedimentation of
organic matter is dominated by only one source, the
elemental ratios may be interpreted directly without
partitioning to identify approximately the controlling
source. Two such examples in the regional distribution
patterns of org-C/org-P and org-C/org-N wt.-rations of
surface sediments from the eastern South Pacific are
shown below (Figs. 6, 7). The possible regional extent
(Fig. 6) of detrital organic matter and clay-sorbed mate-
rial in these sediments is suggested by the elemental
ratios. Values of org-C/org-P below 50 indicate the
presence of some org-P depleted detritus, whereas va-
lues of more than 200 identify the sites where organic
detrital sedimentation is dominant. In this example from
the Peru margin the organic detritus which dominates
sedimentation in the areas of present-day coastal upwel-
ling is likely to be of marine origin.

The second example (Fig. 7) illustrates the regional
extent of clay-sorbed, nitrogen-rich organic matter. Pat-
terns of org-C/org-N wt-ratios show values of less than

5 in the Peru and Chile Basins. The portion of the Chile
Basin with values below 3 is located beneath the nor-
theast margin of the South Pacific gyre and below the
calcite compensation depth. Accordingly, detrital orga-
nic matter and benthic biomass are low, so that nitro-
gen-rich sorbed material dominates the organic matter
in the sediments.

Clearly, the partitioning model for organic matter in
surface sediments and the resultant interpretation of
elemental ration patterns are of a preliminary nature.
Nevertheless we believe that this model provides an
alternative to existing techniques for interpreting orga-
nic analyses of sediments in terms of sources and trans-
formation reactions. Improvements are necessary in the
areas listed below before applying this model more
extensively :

(a) Better knowledge of the general variability in ele-
mental composition of the three proposed sources:

(b) Independent verification of our estimates of benthic
biomass, particularly that produced by microbes;

(c) Improvements in analytical techniques for the deter-
mination of organic-P in the presence of large
amounts of inorganic phosphate;

(d) Determination of the chemical nature and associa-
tion mechanisms of clay-sorbed matter:

(e) Expansion of the fractionation scheme to include
organic oxygen and hydrogen as major biogenous
elements so that the model can utiiize organic matter
classifications based on van Krevelen's interpretation
(Tissot and Welte, 1978).

(f) Further attempts to differentiate between organic
detrital components of marine and terrestrial origin.

ORGANIC~C / ORGANIC-P
we:ght - ratios @

0%* 100 9% €KQ*

FIG. 6. - Regional pattern of org-C/org-P wt. ratios in surface
sediments of the eastern South Pacific. High ratios (>200) in
continental margin sediments indicate the dominant input of detrital
organic matter from coastal upwelling productivity off Peru. Low
ratios ( < 50) delineate the extent of benthic biomass as a significant
constituent of sedimentary organic matter.

ORGANIC=-C / TOTAL-N
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1038¢ 100° 95

FIG. 7. ~ Regional pattern of org-C/org-N,, Wt ratios in surface
sediments of the eastern South Pacific. Low ratios ( < 5) in the Peru,
Chile and Bauer Basins delineate the extent of nitrogen-rich. ciay-
sorbed organic matter. These ratios are not corrected for fixed N.
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DISCUSSION

R. Dawson : Do you not think that the apparent increase
in N in your C:N ratios of sediments may in fact be explained
by a decrease in organic carbon ?
Handa showed carbohydrate 10 be preferentially preserved
in particulate material in the water column when compared
with proteins. In the sediment upper lavers however the
benthic community may well only be interested in the carbo-
hydrate fraction of the sediments for their energy requirement
since they can use the abundant available inorganic nitrogen
3 forms for their nitrogen requirements. '

E. Suess: [ think that this would not affect the rate of
change of the C:N ratio in the sediment. but why should the
processes with the particulate matter be different for the
sediment ?

Py

R. Dawson : Because the fora and fauna are totally diffe-
rent in the two phases.







